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Abstract

Weld fatigue performance is a main design consideration with Yellow Goods vehicles and
can determine the overall product durability. Accurate fatigue life prediction is critical but
current durability assessment involves extensive testing. This design process lacks efficiency
and presents scope for a finite element (FE) based weld fatigue assessment method. Used
early in the design stage, this method will improve time-to-market of products and achieve
robust ‘right-first-time’ designs. Research work has been carried out into applying the
‘Master S-N Curve’ approach to thick-plate construction and agricultural equipment. Weld
fatigue data was generated on a range of simple welded coupons and converted for the fatigue
life prediction of welded structures using the structural stress damage parameter. Overall, a
single Master S-N curve was achievable for a range of different weld joint configurations.
The method achieved good condensation of the geometry dependent load-life fatigue curves
into a single structural stress against life curve. The structural stress method was further
extended to fatigue lives of weld throat failures with good condensation of the data. Excellent
correlations were achieved between solid and shell element models. The concept proved to be
effective and largely insensitive to FE mesh type and size. However, limitations were found
with shell element models when predicting weld throat failures. The structural stress
measurement technique was employed and a master curve generated, derived from coupon
strain-gauge recordings. The Master S-N curve approach was applied in the fatigue
assessment of a laboratory test component and production component for the construction
industry with limited success. Predictions were compared with recorded values from
component fatigue tests. More accurate predictions and improved correlations were found
when using separate failure mode master curves. Overall the work showed some potential for
the use of the Master S-N Curve approach in the early design stage of construction and
agricultural welded structures.
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1. Introduction

In the current state of the economy, construction equipment manufacturers are facing exciting
challenges. The ‘Yellow Goods’ sector is required to provide a fast turnaround of robust new
designs and meet high product demands in emerging markets. Furthermore, it is required to
refine established designs and manufacture more profitable products in mature markets,
where raw material and production costs are rising. There is a growing use of Computer
Aided Engineering (CAE) to enable manufacturers to meet the difficult demands of efficient

and robust designs.

A critical factor in the design of a Yellow Goods component is durability. In general terms,
this defines how long the product will survive. The product must be able to perform the same
task repeatedly without failure. Given the structural demands on Yellow Goods components,
weld fatigue is one of the main design considerations when determining the overall durability
of the product. Strip and plate steel is cut, pressed and welded into various configurations to
make up the main structural bodies and parts. The manufacturing operations performed create
harsh conditions and can detrimentally affect material performance. Fatigue failures are a
major design concern and, given the detrimental effects of the welding operation, welded
components have significantly reduced fatigue strengths compared with parent material.
Hence, the overall durability of a component is determined by the fatigue strength of welded
structures. A chain is only as strong as the weakest link and, in welded fabrications the
welded joint is very much the weak link. For this reason, reliable durability assessments and

accurate weld fatigue life predictions are crucial for design life requirements.

In design situations where CAE techniques are not fully developed, a popular method of
fatigue life prediction in welded structures is a ‘Design-test-build’ approach. It relies on
physical testing and prototype builds. It is an iterative, costly and time-consuming method.
Accurate life estimations are achieved but the design philosophy lacks efficiency. There are
many potential cost saving opportunities if a Finite Element (FE) based analysis could be
introduced. Fatigue life predictions would then be numerically calculated for a welded
structure under relevant boundary conditions. The role of CAE and its use for fatigue life
predictions has been widely assessed and established for many industries such as automotive,
aerospace, offshore and marine. Used early on in the design stage, an FE based fatigue life

prediction can help reduce the length of the design process and the need for numerous costly



prototypes. The aim is to achieve a ‘right-first-time’ design, ultimately, minimising the

number of iterations in the ‘Design-test-build’ process.

However, employing such a stress analysis approach to weld fatigue life prediction is
associated with numerous challenges. Due to a ‘stress singularity’ effect at notch features,
such as weld toe geometries, it is often the case that an FE analysis produces erroneous
results that can depend on the parameters used in the analysis. Furthermore, there is a fatigue
strength dependency associated with different welded geometries. This requires welded
geometries to be grouped (subjectively) into a ‘classification’ based on a specific fatigue
strength. There have been a number of alternative damage parameters proposed, and covered
in the literature review, that aim to overcome these issues and allow consistent and accurate

fatigue life predictions.

The overall aim of the work presented in this thesis, is to validate the applicability of an
‘alternative’ damage parameter for FE-based fatigue assessments of construction, agricultural
and materials handling equipment. This required the generation of weld fatigue performance
data for thick-plate welded Yellow Goods and their conversion into a suitable format for the
FE-model. Once the fatigue assessment method was established, an analysis was undertaken
and fatigue life predictions made for a welded component. Comparison of measured and
predicted lives from the technique employed, were carried out to demonstrate the quality and
effectiveness of the approach adopted. On this basis, recommendations are made on the
choice of a reliable durability assessment procedure for the efficient and robust design of

Yellow Goods structures.



2. Literature Review
2.1 Fatigue — Overview

It is estimated that around 75% of machine and structural failures are due to fatigue [1].
Therefore it is essential that fatigue is given great consideration during the design stage. The
occurrence of fatigue failure in a material is due to repeated cyclic loading. Typically the
repeated loading would not exceed the yield point of the material and therefore would not be
enough to cause failure in one single application [2]. The material is said to weaken and tire
from the localised cyclic plastic deformation that would result in a small crack. Ideally, an
easier approach for design engineers would be to minimise the loads and increase the fatigue
life of a component or structure, although this is not always possible. To achieve this, the
engineer would have to analyse the geometry of the structure and redesign in order to

minimise stress concentrations and crack initiation sites.

The study of fatigue originated in the early nineteenth century when parts such as steel axles
or bolts were failing from in-service loads significantly under the tensile strength of the
material. William Rankine found that steam train axles would fracture at sharp corners, and
he described fracture surfaces similar to that of stage 2 crack growth striations and a final
fracture area [3]. The first documented study into fatigue failures was conducted by a German
engineer, August Wohler, in the mid-nineteenth century. He studied the failure of railway
axles subjected to a rotating bend fatigue test [4]. He then plotted the nominal stress applied
to the axles against the number of cycles to failure, giving the Wohler line, more commonly
known today as an S-N curve. Since the early work done by Wohler, much further research
has been carried out in order to understand fatigue and how to design against it. The fatigue
data is plotted on a graph as the relationship between the nominal cyclic stress S and the
number of cycles upon failure, N. The axes used are generally S against logio N, or logio S
against logjo N, (Figure 1). The number of cycles to failure at any stress level is termed as the
endurance limit and this is typically associated with 10 million cycles or larger. Low Cycle
Fatigue (LCF) is related to higher stresses and lower cycles (<10°). Examples of LCF are
experienced in picking up and dumping of a load in a crane arm or take-off/cruise/land cycles
in aeroplanes. High cycle fatigue (HCF) is associated with low strains and high frequencies.
Examples of HCF are experienced by components subjected to vibration such as exhausts on

automotive engines.



Despite much research into fatigue, it remains a technical and engineering challenge to
engineers and material scientists alike. One of the difficulties in fatigue studies lies with the
large scatter of data associated with test results. Test conditions and environments can be
identical from one test to another but still produce a large scatter of results. This is due to the
random formation of defects in materials during manufacture and/or the grain to grain
variations in properties in polycrystalline materials. Microcracks, dislocations and inclusions

are statistically distributed within the microstructure.
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Figure 1: Fatigue S-N curve - plotted on nominal stress against log cycles scale

2.1.1 Failure mechanisms

Due to the development of the Scanning Electron Microscopy (SEM), it is possible to
magnify material defects and fatigue cracks to analyse them more closely. The fatigue failure
involves two distinct stages: crack initiation and crack propagation [5]. There are many
circumstances in which fatigue crack initiation (stage 1) can take place. A crack can initiate
from a surface defect due to a scratch or tool markings, a notch, hole or radius, or slip bands
or dislocations and internal defects. Scratches due to manufacturing processes (such as
tooling or small cracks from quenching) and stress concentrations (due to notches, radii and
geometry features) are very common on engineering components. Fatigue performance can
be significantly improved through surface treatments removing the crack initiation site and
creating a smooth surface. Polished smooth plain test specimens used for fatigue testing

contain no surface defects. When a smooth polished surface is present with no blemishes,



failure due to fatigue is caused by intrusions and extrusions from slip band formation. Under
cyclic loading, slip bands move back and forth along the maximum shear planes to generate

intrusions and extrusions, shown in Figure 2 [2].

Extrusion

Slip planes

Intrusion

Loading Unloading

Figure 2: Intrusion and Extrusion slip bands from cyclic loading

The appearance is similar to that on the side of a deck of cards. The intrusion although very
small in size still acts as a stress raiser and initiates the formation of a true fatigue crack. The
crack grows at 45 degrees to the applied load, in the direction of the shear stress. It continues
to grow up to a grain boundary and pauses until enough energy is applied to proceed into the
neighbouring grain. Once the crack has initiated and has crossed through two or three grain

boundaries, in stage 2 the crack grows perpendicular to the applied loading, Figure 3.
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Figure 3: Stages of fatigue crack initiation and propagation until final failure



The crack growth mechanism differs from that of stage 1. In the crack propagation stage the
crack tip creates a high stress concentration effect and undergoes localised plastic
deformation. As the tensile stress increases the crack tip opens, local plastic shear
deformation takes place with the crack growing into a new area of metal. As the load is
reduced the crack tip closes, but the new permanent deformation remains and creates a saw
tooth like striation. Repeated loading then causes the crack tip to continuously penetrate
through the metal causing further striations. However, engineering components can contain a
number of material defects. Defects within the local plastic zone will create holes and link up

with each other and the crack tip advances through the holes, as shown in Figure 4.
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Figure 4: Crack propagation - a) localised plastic deformation zone, b) defect free material and c)

material containing a defect

The stage 2 crack grows until the loading is too great for the remaining cross-section of the

metal and fracture occurs, as in Figure 5.
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Figure 5: Failure striations of low cycle and high cycle fatigue [6]



The rate of crack growth is dependent upon various factors such as the stress range, mean
stresses, surface finish, quality and surface treatments. The main driving forces affecting the
fatigue life or crack growth rate are the stress or strain range and mean stress (Figure 6). It is
fundamental, and can been seen on any S-N curve, (Figure 1), that the greater the increase in

stress (or stress range Ac), the lower the fatigue life of the metal.

The severity of the fatigue damage caused is different depending on whether the load cycle is
positive or negative, i.e. loading cycles can be tensile or compressive. The mean stress of a

cycle greatly alters the fatigue performance. Mean stress, am= (anex+ onm) / 2.

The stress ratio R, is the ratio of the minimum stress over the maximum stress applied, R =
Grmin / tfmex- Loading cycles vary, such as fully reversed. R=1, where the applied tensile stress
is equal to that of the compressive stress. When R= 0, the load applied is reversed back to
zero stress (i.e. the stress is only tensile), or R=0.5, where the load reversed is equal to halfof

that applied. Similar R ratios apply to strain control fatigue testing.

1cycle

Ao

Timet

Where omax= maximum applied stress, onin= minimum applied stress

Ao = stress range, om= mean stress, oa= stress amplitude

Figure 6: Stress-tinie fatigue cycle loading

2.1.2 Life prediction methods

There are various approaches for estimating fatigue life. The 3 main methods are:
Stress-life;
Strain-life;

Crack propagation - Linear elastic fracture mechanics.



The total fatigue life of a component is made up of the crack initiation and the crack
propagation stage. Life estimation approaches are used for the prediction of an individual

stage or the total fatigue life.

A stress-life approach is typically used for total fatigue life estimation. This is selected for
situations where the nominal stress is elastic, under low loadings, and high cycle fatigue is
the dominating failure mode. The structure under analysis is given consideration with regard
to the load endured and the geometry of the design. Stress concentrations are identified as
they impose a detrimental effect on the fatigue performance. A fatigue life is calculated from
fatigue performance data of the material/component generated through laboratory fatigue
tests. The results are plotted as nominal stress against life (cycles to failure), as shown in
Figure 7. The S-N curve then allows a fatigue life estimate to be calculated for a given stress

at a critical point of the structure using the Basquin line equation on a log scale [7].

<
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Figure 7: Stress-life S-N data - Basquin equation

Strain-life approaches are employed in loading conditions of higher stress/strain ranges than a
stress-life approach. As a result of the higher loads and yielding, localised plastic deformation
occurs around stress concentrations causing cracks to initiate. The strain-life concept assumes
the life to initiation of a small crack is determined by the stress and strain loading
experienced by the material local to the point of crack initiation. Therefore if the same stress-
strain load conditions are experienced on a smooth plain specimen of the same material, it
will fail in the same number of cycles, Figure 8. Fatigue performance data from tests on plain
smooth specimens can be used to characterise a wide range of different stress concentrations

due to notches and machined radii.
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Figure 8: Strain-Life Approach (E-n) Life prediction of Stress concentrations using plain specimens

A stress analysis of the notch under analysis is required and can be performed by
computational (FEA) or a straightforward mathematical model (i.e. Neuber's Rule) in order
to determine the localised plastic stresses and strains. The strain fatigue response of the plain
specimens is expressed as a strain range versus cycles to failure. Using a particular method to
analyse the results, such as the Coffin-Manson equation, a fatigue life can be calculated.

Figure 9.

Where:

Aetotai = total strain

Acpiastic = plastic strain

ASeiastic = elastic strain

Ao = stress range

o'f = fatigue strength co-efficient

s’'f = fatigue ductility co-efficient
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Figure 9: Strain controlled fatigue test data a) strain-life (c-N) data and b) stress-strain hysteresis loop

Crack propagation models use fracture mechanics to firstly analyse the crack growth rate, and
secondly determine how long a crack can grow until it proves to be critical and become
catastrophic. This approach is based on calculating the crack growth rate depending on the

crack length and nominal stress at the crack tip.

2.1.3 Design Philosophies

When designing against fatigue failures there are various design philosophies that can be
followed. The method that is chosen depends on the component or structure and the required

performance decided by the design engineer. The four methods are

Infinite design life;
Finite design life;
Fail-safe design;

Damage tolerant design.

If a durability target or required life has been defined by the engineer, there are two ways to
design against fatigue. An infinite life design includes a known fatigue limit of the
material/component. The component is designed to operate at a stress amplitude significantly
below the fatigue limit, oa< Of, ensuring that the component would never fail, (see Figure 10
a). Yellow goods are designed using an infinite life approach. They are designed to never

exceed the fatigue limit. This ensures excellent durability of the structure.

10



A finite life design (also known as safe-life) produces a component that exceeds the
durability target required. Ndesign > Ntaget (Figure 10 b). If a component is required to achieve
100.000 life cycles, the designer is confident of achieving a far greater life. This is a good
approach to guarantee a certain level of durability if a warranty is provided with the
component, ensuring the component never fails during its recommended fatigue life.
However, there is always some uncertainty about the actual fatigue life of the component.
There is also a lack of fatigue life optimisation as the component is over-designed to a life
that is usually never actually achieved. A finite life design approach is used widely in
automotive applications. For example, a motor vehicle will be expected to achieve 100,000 to

200.000 miles, although it is designed to reach a figure significantly beyond this with a factor

of safety.
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Figure 10: Fatigue design philosophies - a) infinite life approach and b) finite life approach

The fail-safe concept incorporates redundancies built-into the structure, giving safe operation
if a component fails. Component failures are assumed, but failure of one part does not result
in total failure of the structure. The damaged component would require replacing when found
during inspection. The redundancies are provided by alternative load paths to withstand the
load. This concept minimises the amount of over design associated with finite-life design. An
aircraft wing contains numerous mechanical fasteners to hold the structure together. Upon
one rivet failing, the remaining fasteners are still able to carry the load and maintain the

structural integrity of the aircraft wing.

The Damage Tolerant design allows a structure to contain cracks. A structure can tolerate
certain non-critical cracks until they reach a critical length. The component is inspected for
cracks under a strict routine and then replaced when a critical crack length is reached. The

method uses dye-penetrate inspection to find any flaws on the material surface and requires a



reliable prediction of the rate of crack growth between inspections. The designer must
demonstrate that a flaw of a given size will not propagate to failure either before being
detected, or before the structure is removed from service. Some components or areas of a
structure are often difficult to inspect or inaccessible. Examples of damage tolerant concepts
are found in the aviation industry. Various parts of the gas turbine engine such as compressor
discs or turbine blades incorporate this design method. Failures cannot be tolerated therefore

the parts are removed upon reaching a critical crack length.

2.1.4 Testing Methods

Various methods exist for fatigue testing. The basic methods involve applying a cyclic load
to a test specimen through a servo-hydraulic test machine. This could be through repeated
axial (tension or compression), repeated torsion or rotating bending loads. The test specimens
can also vary and include a single or double edge notch, V- notch or a plain specimen. The
applied loading can be of constant amplitude sinusoidal or other fluctuating waveforms to
replicate more complex in-service loads. The results are then plotted together as the applied

stress range against the number of cycles to failure, to form an S-N curve.

A servo-hydraulic testing machine, as shown in Figure |1, is powered through a pump and oil
supply that feeds a loading actuator. The loading actuator applies the force onto the test
specimen. The applied load is measured by a load cell in series with the specimen. The load
cell output is compared in a differential amplifier with the original input signal. The
differential amplifier output is relayed to a servo-valve controlling the oil pressure flow. This
creates a closed-loop control circuit. The differential amplifier can also measure the output
signal from a displacement transducer on the loading actuator, or from a strain gauge on the

test specimen, as Figure 12.
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Figure 11: Fatigue testing a) Servo-hydraulic test machine,
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Figure 12: Schematic Diagram of a Servo-hydraulic test machine
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Other than simple laboratory fatigue testing, full-scale testing of components and structures is
used. This approach can be expensive and time consuming. However, in most cases, this is
justified. Full-scale testing is used at various stages of design and development of a structure,
such as a yellow-goods vehicle. In the initial stages of design of a component, full-scale
testing is used to gather design data. For example, in a welded structure there might be
insufficient fatigue data on a particular welded joint and so a full-scale test would be required

to clarify its performance.

Full-scale testing is also used during the prototype development stage. Prototype structures of
a new design are tested to give an idea of performance, fatigue life and reliability. Testing
takes place in service conditions for the structure that duplicates working loads, e.g. an
automotive vehicle driven around a test track. This is a very time-consuming and expensive
process as it can take a long time to reach a lifetime of cycles. Alternatively, full-scale testing
could be completed in a laboratory with the use of servo-hydraulic equipment and test rigs.
The structure/component is set up in a rig in the configuration it is to be used in service.
Servo-hydraulic actuators are used to apply the known service loads to give a realistic
simulation. This method can be more beneficial as the conditions can be closely monitored
and controlled. The simulation can also be readily repeated and accelerated to reduce the time

scale and hence reduce costs.

The quantity of fatigue testing required can be easily overlooked and undermined due to the
cost and time factors associated with it. Laboratory testing may be easily preferred to rectify a
design without the added expense of full scale testing. There is some discrepancy when
correlating laboratory data to predict actual fatigue lives due to the scatter band associated
with fatigue. Without thorough research and characterisation, failure of components may
occur in-service and the product could incur warranty claims. Upon failure, the redesign and
validation of a part is needed as soon as possible. This is often in the form of full-scale testing
to evaluate its effectiveness and improved performance. Timely investment in full-scale

testing can save time and money.

2.1.5 Fatigue test data

Considerable variance and scatter in fatigue data is widely recognised. This is due to such
aspects as chemical composition, randomly formed inclusions, varying levels of residual
stresses, differences in manufacturing techniques and the simple variability of the fatigue

crack initiation and propagation process. Careful consideration must be given to the analysis
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of ihe results and the number of test samples required when generating fatigue data in order

to establish a database that can be used effectively for the design of components.

Traditional methods for fatigue data under constant amplitude involve statistical analysis to
estimate the probability of failure and survival. As in the British Standard BS7608 [8], linear
regression analysis is used, on log S-log N curves to give 2.3% probability of failure or
97.7% survival. This method is widely used and is known as the Gaussian distribution. With
Log N the dependent variable, a design line 2 standard deviations lines below' the mean (M-

2SD) is used as shown in Figure 13.

2.3% Probability of failure
M-2SD

Stress

Range

Mean S-N curve

M-2SD

M-1SD

Life, cycles

Figure 13: Statistical analysis of fatigue data showing mean minus 2 standard deviations

The reliability and confidence of the test results is dependent on the number of specimens
tested. Greater reliability is achieved with a higher number of tests. The number of test results
that can be achieved relies on the resources available in the project. The maximum number of
test results, therefore, is determined by the costs incurred and the testing or design time
requirements. A realistic figure should be proposed with additional samples produced for

other chemical and microscope analysis and to cater for the unexpected.

Figure 14 shows the guidelines on the number of recommended tests from the British
Standard BS 3518-1:1993 [9]. The number of tests required depends on use and purpose. The
greater amount completed gives better definition = t/d, where t= number of tests and d=

number of stress levels used.

15



Exploratory tests generally require fewer specimens, but repeatability is reduced. This would
be useful for verification of an alternative manufacturing process or material. To determine a
general form of an S-N curve, two fatigue tests at six different stress levels should be
completed. A total of 4 tests should be run at each of the six stress levels for an accurate
description of the S/N curve for design purposes. Using the results, life at a fixed stress level
can be determined as recommended in the guidelines in BS3518-5:1993 [10]. The statistical
analysis used to determine the lower fatigue limit uses the same Gaussian distribution method
as previously described and found in BS7608 [8],
Test programme Minimum Minimum

classification number of degree of
test pieces replication

Exploratory tests 6 to 12 1.2 to 1.5
Research and 6 to 12 1.5 to 2
development tests

Design data tests 12 to 24 2to 4
Reliability tests 12 to 24 4toS

NOTE In each case the lower numbei refers to the situation
where the general fcrm of the S/ATis known, and the higher
number to where it is not.

Figure 14: Sample number recommendations |9|

Following the guidelines from BS35 18-1:1993, it is inevitably up to the judgement of the test
engineer to decide on the number of tests used. There is no correct number, although it should
be justified by the level of confidence required. Twenty tests may be intended for one S-N
curve, although the scatter band may be defined after 12 test results. The remainder of the

tests are not necessarily required if time is an issue.

The deciding factor for any test is dependent on the resources available. A judgement must be
made by quantifying the number of tests and accuracy of the S-N curve required against the

resources, time and budget available.

2.2 Fatigue of Welded yellow goods Equipment

Yellow goods generally consist of thick steel plate welded structures that are widely used for
earthmoving equipment in construction, agricultural and materials handling environments.
Vehicles include backhoe loaders, excavators, telescopic handlers, wheeled loaders,

articulated dump trucks, forklift trucks and tractors, Figure 15.
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Examples of Construction and Agricultural Earthmoving Equipment
a) Caterpillar, b) JCU. c) Komatsu, d) Liebherr, e) Volvo and f) lerex

Figure 15: Yellow goods equipment

The main structural parts of the chassis, frames and loading arms are welded together using
strip and plate materials in the range of 5-25mm and even greater, substantially greater than
other vehicles such as in the automotive industry. The main emphasis with automotive design
is weight reduction in order to improve fuel economy and reduce costs. However, with
earthmoving equipment, structural robustness and weight is a necessity for counter balance

effects when excavating or loading.

Many aspects must be taken into consideration during the design stage of yellow goods so
they achieve the intended service life. During the life of such structures, they experience
variable cyclic loading which is difficult to predict. The extension of loading arms and booms
used for excavating are constantly changing, creating variable loading cycles. Numerous
weld seams on a structure create severe geometric stress concentration and crack initiation
sites. Durability of the welded structure is a necessity in order to perform excavating tasks

repeatedly and effectively without failure.

2.21 Weld fatigue

The fatigue performance of a structure is severely reduced when welded joints are
incorporated into the design. This can be seen by the fatigue response of plain, notched, and

welded sections. Figure 16.
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Figure 16: Effect of welding on fatigue strength. Curves for plain, notched and welded steel 111

There are several contributors to the reduction in fatigue strength of welded components. The
overall geometry of a welded joint creates a stress concentration, along with local notch
effects and crack-like flaws at the weld toes, dramatically raising the local stress. It is said
that the fatigue life of an un-welded specimen will consist of both fatigue crack initiation and
crack propagation. However, in welded joints, upon the cooling and solidification of the
welded process, micro-cracks form and act as crack initiation sites, thus the weld fatigue life

consists only of the crack propagation stage as the crack already exists.

Second to this, high levels of residual stress are present in welded structures. Due to the
heating and cooling cycles, the materials expand and contract inducing these high levels. The
residuals can occur on both a local and long-range basis. Part of the residual stress will occur
due to the local weld geometry cooling and contracting. Also from the long range fit-up of
parts, increased residual stresses will be introduced. The residual stresses create a mean-shift
effect, so even a relatively low stress range applied can prove to be detrimental due to the

high mean stress ratio acting.

As the harsh effects of the welding procedure have been mentioned, weld durability is one of
the main factors limiting the durability of the entire structure. Determination of the durability

of a welded component demands accurate assessment of weld fatigue lives.
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2.2.2 Factors affecting weld fatigue performance

A weld bead on a plate of material when under a transverse load will create a stress
concentration. The stress distribution around the weld toe is greater than across the rest of the
plate thickness. This is due to the geometric change where the material surface meets the
weld bead. A fillet T-joint weld would therefore create a greater stress concentration than a
butt weld as the change in geometry is greater and creates an increased peak stress at the toe,
shown in Figure 17. Transversely loaded welds will have the greatest stress concentration,
thus being the likely source of failure. Structures with a load parallel to the weld will also
have stress concentrations in the form of surface imperfection such as crater/pinholes,

start/stops, weld splatter. However, none are as severe as a weld toe.

As the angle decreases, a greater stress
concentration is created, the peak stress at the
toe increases, reducingthe fatigue performance

>4

Stress distribution shown
with a high peak stress due
to the weld toe

peak
Here, weld bead b)

contains asharper
notch and hence a
greater stress

concentration
Nom

Figure 17: Effect of reinforcement angle. As the angle increases the notch and stress concentration is

greater 1121

The fit up angle relative to the weld and applied forces can severely alter the fatigue
response. Axial or angular misalignment in a simple butt weld in a plate, altering the angle of
fit up between the two work pieces decreases the fatigue strength, Figure 18. Increases in
stress level arise from imperfect weld geometries such as misalignment (axial or angular) and
distortions. An increase is only present in axially loaded joints due to the introduction of a
secondary bending stress. The fatigue strength will not be reduced in joints loaded

longitudinally to the weld or in pure bending modes.
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a) Axial misalignment - centre line of base materials mismatch

a) Angular misalignment - both base materials are not horizontal
to each other

Figure 18: Angular and axial fit -up misalignment

Weld penetrates though the Fj,.up aap _ ,ess area

thickness. Creates more area to carrying load
carry the load

Figure 19: Weld Joint, a) Fillet T-joint full penetration weld & b) Fillet T-joint partial penetration weld

Certain welds exhibit a greater reduction in fatigue performance. Partial penetration welds
create a second possible failure point along the weld root as shown in Figure 19. A crack can
initiate at a weld root and then propagate through the throat. This is due to the fit-up gap
made between the upright and base plate. A lack of penetration in the weld reduces the area
to carry the load applied. As a result the stress increases and failure occurs. On a full
penetration weld a greater cross-sectional area is used to carry the load therefore reducing the

stress.
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The fatigue strength can be greatly reduced due to the weld profile (i.e. toe undercut or
convex weld bead). In addition, weld discontinuities also increase stress concentration

effects.

a) weld splatter b) slag inclusion C) gas pore crater

Figure 20: Types of weld discontinuities

Very small crack-like discontinuities and fatigue performance inhibitors exist as a
consequence of the welding conditions selected, see Figure 20. Crack initiation can occur
much sooner in a weld with inclusions, resulting in fewer cycles for the crack to initiate and
propagate to failure. Upon welding, micro-cracks will grow at the fusion line of the weld
bead and parent material. This is due to the intensity of the heat from the processes occurring
around such a small area as the arc is struck. The local intense heat will cause the metal to
melt and expand. Upon solidification, the molten metal will shrink and contract thereby
forming cracks and defects. Given that total fatigue life consists of initiation and propagation,
the fatigue life of a weld is much shorter as the crack initiation stage has been reduced or
removed by the welding process. In other words, in an unwelded structure, fatigue crack
initiation makes up a major contribution to the total life in the high cycle regime. However, in
a welded joint, only a small proportion of the total fatigue life consists of the crack initiation;

the major contribution is crack propagation.

As there is a large amount of scatter associated with fatigue performance in general, control
measures should be put in place to further minimise the degree of scatter associated with
welded joints, i.e. automation of the welding process in order to control the amount of toe

undercutting and the quality of the weld.

There are two forms of residual stresses present in a welded structure, long-range and local
residual stresses. Long-range residual stresses occur due to the assembly of the overall
welded structure. The structure will have numerous tensile and compressive stresses locked

in due to the fit-up ofthe various components.
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Residual stresses can also occur locally due to the weld process. During welding the parent
and weld metals undergo a range of thermal cycles. As the weld is heated up and cooled, the
local material, the heat-affected zone (HAZ), alters its microstructure and material properties
inducing residual stresses [13]. The main cause of residual stresses, however, is the

contraction ofthe molten weld metal upon cooling.

When a weld is made, the material surrounding it will also heat up and expand. However, the
bulk of the structure prevents this hereby causing the material local to the weld to be in
compression. Then, on cooling, the underlying material contracts but because of constricting

surrounding metal high residual stresses are created.

Residual stresses in a welded structure are generally assumed to be as high as the yield stress
of the parent metal [14]. Where high residual stresses are present, the fatigue strength is
dependent only on the applied stress range. There is no effect due to mean stress or varying
stress ratio [15, 16]. No matter what stress ratio is applied, an effective stress range is
produced that is much higher than the actual applied stress. Therefore it is conventional, and
the practice in many design codes, to neglect any mean stress or stress ratio effects but only

when the residual stresses equal the material yield strength.

There are many weld imperfections, flaws and discontinuities that can, and do, occur during
the welding process. These imperfections have a detrimental effect on the fatigue strength.
Such unwanted defects include misalignment, undercuts and overlaps, porosity, gas pores,

slag inclusions and cavities, lack of weld fusion and lack of penetration, Figure 21.

a) Incomplete weld root

. b) Slag inclusions c) Weld Overlap
penetration
d) Lack of sidewall
ftlsion e) Gas pore f) Porosity

Figure 21 Types of weld imperfections
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A majority of weld flaws can often be put down to operator inexperience or incorrect welding
parameters. However, as imperfections do occur, a ‘fitness for purpose’ and weld quality
requirement is often established [17]. Under the loading and environment for which a weld is
designed, defect levels are set so that failure of a weld is not due to weld quality. First visual
inspection will take place for surface discontinuities, and then non-destructive testing (NDT)
techniques such as ultrasonic, magnetic particle and radiographic techniques can be employed

for embedded imperfections.

The fatigue resistance is also reduced by imperfections creating a local notch effect such as
undercuts and overlaps, porosity and inclusions. There are two aspects of a local notch effect.
In an ‘additive’ notch such as an undercut or overlap, it supplements any geometric
discontinuities of the weld shape and lowers the fatigue strength of the welded joint by
increasing the angle and sharpness of the toe. A ‘competitive’ notch effect, such as porosity
or inclusions below the surface and away from any geometrical stress concentration, will act
in competition to other notches. The porosity or inclusion creates another possible fatigue
crack initiation site. A fatigue crack could propagate from either a porosity/inclusion flaw or,
for example, a weld toe. The stress concentration with the greatest value and lowest fatigue
life will be the principal failure location. Porosity creates a relatively round shape and a lower
stress concentration than other flaws. Inclusions can be found that are more angular and
crack-like. The shape and orientation will vary and likewise, the effect on fatigue strength can

differ, but they are generally more damaging than porosity.

Fatigue strength is also reduced through planar discontinuities such as crack-like
imperfections. These include lack of sidewall fusion and incomplete weld root penetration.
These crack-like areas are associated with short crack initiation lives. Lack of fusion is due to
poor welding technique, or inadequate joint preparation, resulting in no penetration of the
weld and can create a severe stress concentration. Incomplete penetration is sometimes
intentional e.g. for partial penetration welds. If there is a lack of penetration due to poor
welding technique or fit-up, the fatigue strength can be significantly reduced due to the
crack-like stress concentration created. The total load carrying area of the partial penetration
welds is reduced, creating a higher local stress, and leading to premature failure. Providing
the engineer inspecting the flaws can recognise them correctly, a ‘fitness for purpose’

approach can be implemented effectively to avoid fatigue failure from such imperfections.
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In general, for the same stress range at the weld toe, an increase in the size of material
thickness results in a reduction of the overall fatigue life in welded joints that crack from the
toe [18]. This is due to the stress concentration of the weld detail creating a greater stress

distribution across the thickness.

In traditional design codes employing S-N curves with a nominal stress approach [8], any
thickness effect is included into the test data. There would be concern as to whether the test
data is representative of a new structural design with different dimensions. If not, a necessary
correction factor would have to be used. In more recent design codes, methods have been
developed to allow for thickness effects when calculating the fatigue design stress. A
correction factor is employed in the Eurocode [19], and also in IIW fatigue design rules [16]
where the correction factor is better defined and takes into consideration the role of weld

type, profile and mode of loading.

2.2.3 Fatigue life prediction of welded components

One popular method of product design and development is the ‘build-test-fix’ approach. A
design or concept is created and a prototype made. The prototype then undergoes testing to
determine its performance for a given design criteria. If the prototype meets the criteria, then
the design can be approved for engineering sign-off and proceed to production of the
component. Should the prototype not meet the set criteria, design modifications are made in
order to ‘fix’ the problem areas. The re-design is then tested again to see if the modifications
satisfy the criteria. This design process is highly iterative and not very efficient as lengthy
design modifications and numerous prototypes increase costs and time. Given design stages
have sign-off dates to adhere to, should there not be enough time to fix and test design
modifications, then the changes are made and the revised structures proceeds straight to sign-

off. The sign off dates are met but at the risk of warranty claims later on in the service life.

This is not always the case, and design stages can use many tools in order to avoid repeats of
design-test-fix iterations. In the early design stage, before a prototype build is commissioned,
time is spent in component design and using CAE modelling and engineering experience to
achieve a ‘right-first-time’ design, and thereby minimise the number of ‘test-fix’ iterations. A
flow chart model of a typical component design can be seen in detail in Figure 22. When
applying this process in the design of welded components, early design stages can often be
heavily reliant on engineer experience. Simulation methods may not be employed fully to

model the effects of the welding process and stresses experienced in a component. FE stress
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analysis of a component can provide accurate stress plots but cannot always simulate the

welding process effects.
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Figure 22: Engineering design sign-off process

Residual stresses contained in a welded component will affect the mean stress range applied
and potentially be detrimental to the total service life. In this case it is difficult to model
residual stresses on a component. A high stress area from the FEA might not necessarily
coincide with the failure location of the weld fatigue crack. In order to characterise the stress
behaviour in a welded structure significant amounts of time, resources and ultimately money,
can be spent on analyses looking at the weld microstructure and properties, weld heat-flow

simulations, residual stresses and distortion. Not all budgets can support such activities.
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Frequently with welded components, while all that is possible to achieve a right-first-time
design will be done, there is no guarantee of success. Relevant engineering experience may
not be available and FE stress analysis does not directly quantify the fatigue performance ofa
component. So the build-test-fix design solution does not define all significant structural

integrity issues before the commitment to a prototype build.

Once a prototype component has been built there are various methods for determining the
durability and fatigue life of the welds. One method to obtain a fatigue life prediction is to
complete an ‘in field' strain gauge exercise. This uses the British Standard BS7608 -1993:
Code of Practice for Fatigue Design and Assessment of Steel Structures. This standard
provides guidelines for determining the fatigue life of a welded structure using a nominal
stress method. Each type of weld joint and failure mode is classified and given a specific S-N
curve for that class type. The actual welded structure is then analysed under field and service
conditions. A strain gauge is placed 10mm away from the weld detail and its nominal stress is
determined under load. The nominal stress range is related to the classification curves for that

type ofwelded joint and a fatigue life obtained. The steps are defined in Figure 23.

Welded Component We*d Classification Strain gauge 10mm from weld toe
Edge distance
sic 10 mm
Data Acquisition Equipment In-field testing exercise Fatigue life analysts of data

Ratnflow cycle counting and
damage summation
calculations completed on
recorded data - fatigue life
prediction is obtained using
damage accumulation and
Miners rule

Figure 23: BS7608 Fatigue life prediction - Weld classification and strain gauging

Field tests and strain gauge exercises have benefits and concerns. The method can prove to be
expensive as considerable resources are required including strain gauges, data acquisition
equipment, analysis software and computing equipment. The method is representative as it

uses real in-service testing regimes, but the fatigue life determination is only a prediction as
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no actual fatigue failures are achieved. The method is appropriate for an infinite life design
philosophy provided engineers are willing to accept that the structure might be over-
designed. A limitation is that the standard does make a number of assumptions. All the weld
classifications are for tensile loading only and not bending. In some cases, a weld joint
geometry or loading mode of interest may not be included in the classification. Then
questions are raised as to what is the best way of qualifying that type of joint? To ensure a
suitable factor of safety it would be classified conservatively using engineering experience.
However, the nominal stress method is a straightforward process and not as complex as other
methods available. Life predictions can be reliable but the design process lacks efficiency.
There is confidence in the structure achieving x amount of cycles but how far beyond x the
structure will survive is unknown. If this issue could be addressed, the fatigue life could be

optimised and used with greater confidence in defining the warranty for the structure.

As well as fatigue life prediction, it is also beneficial to complete some structural rig testing.
The fully welded components are assessed under laboratory conditions and fatigue tested.
Structural test equipment is required to provide loading power through rams and actuators,
with measurements made through load cells and strain gauges. It is important to verify the
test rig first with strain or load measurements from in service loading exercises in order to
ensure accuracy when simulating in field conditions. The required load or stress range and
loading regime is applied and a counter logs the number of cycles. The structure is inspected

regularly for weld crack initiation sites.

The in-field testing and life prediction analysis is beneficial in this type of design process as it
provides a life prediction under realistic loading but no actual failures are achieved. The rig
testing is also very helpful as it provides actual failures and locations. However, the loading
more often than not is constant amplitude. Questions might be raised about the relevance of
constant amplitude loading in relation to service conditions. Both design tools are costly and
time-consuming and also require a prototype build and possibly re-design and test if the
structural integrity of the component is not adequate. For these reasons, the design-test-fix

process is inefficient.

Alternatively, a right-first-time design approach can used in order to reduce the amount of
redesign and retesting. However, the structural capability might be questionable and this
could result in in-service failures later on. These issues are the main driving force behind the

development of a numerical based life prediction method that can be used early on in the
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design process. An FE fatigue analysis could be run to highlight fatigue prone areas of a
design, thus allowing the model to be altered quickly without incurring the additional cost of
manufacturing modified prototypes. This would increase the confidence of right-first-time
designs. If greater confidence can be found in the definition of fatigue performance early on
in the design programme, the amount of prototype testing could be significantly reduced,

again reducing time and cost.

2.2.4 Fatigue testing of welded components

As discussed in the previous section, prototype component builds and full-scale model testing
can often prove to be expensive. An alternative option is to test a small scale specimen with a
detail or geometry representative of the full-scale model. A smaller scale test piece would not
incur the full manufacturing and testing costs of a larger test piece. Small-scale specimens are
tested in a column loading frame under the required loads and amplitudes. A large number of

cycles can be applied in a relatively short time (compared with full-scale test rigs).

This approach is appropriate for generating design data or executing exploratory tests to
support research and development. The main concern with such tests is how representative
the small-scale test is compared with a full-scale component. Misrepresentation can easily
occur and inaccurate data can be generated. These can be due to either the test-piece or the

load applied.

In small welded coupons it is straightforward to represent a weld detail from a full-scale
model. Some consideration should be given, though, to the loading mode seen in the actual
component, and how to represent that in a tensile or bending load test. The main concern with
coupons lies in the presence of residual stresses. The poor fatigue life of welded components
has been discussed and the fact that it occurs due to the notch stress at the weld toe
highlighted. The effects of residual stresses have also been raised. It is known that small-scale

test pieces will not contain the significant residual stresses found in a full-scale component.

Work documenting residual stress effects [20], illustrates the influence that both welding
residual and assembly stresses (long-range residuals) have on the fatigue strength of welded
joints. In this work, fatigue response data is shown for samples with a range of maximum and
minimum welding and assembly stresses. Significant differences can be seen in the fatigue
strengths between a sample with maximum local and long-range residuals, one with only

local residual stresses, and a sample containing no residual stresses. The effect of welding
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and long-range residual stresses are given as the reason for the large difference in fatigue life
between small test specimens and full-scale tests on welded structures. Work by Maddox [11]
also suggests similar conclusions. Variations of residual stress levels in small welded joints
affect the fatigue results significantly and can produce large scatter in the data. Correlation of
small test specimen data and full-scale fatigue tests is then difficult. Designers and engineers

would prefer to undertake full-scale tests but this is very costly and time-consuming.

When testing small welded joints to generate fatigue performance data the test specimens are
evaluated using a traditional nominal stress approach as in BS7608. The effective stress range
applied is used to establish the fatigue life. However, research has shown that with small
welded specimens the assumption that residual stress is approximately equal to the parent
material yield stress is not always true. Small specimens generally contain much lower levels
of residual stresses than welded structures [21]. This is due to the release of residual stress

when the specimens are manufactured from large plate material and cut to a smaller size.

Fatigue test results from small specimens do not necessarily provide an accurate
representation of the fatigue performance in a welded structure. For small welded joints
where high residual stresses are not present, the specimens can be tested at a maximum stress
equal to the yield stress in order to represent the effect of the residual stresses in components
[21]. Thus, the applied omex = oyjeid, with the Ao cycled down from the maximum stress, such
that oomm= Gyieid - Ao. Using omex = Gyieid, results in lower fatigue lives [22] in a similar way

to a welded joint containing residual stresses of yield strength magnitude.

ov
Effective a,y

stress Ao Stress

range Ao

a) b)

Figure 24: a) Effective stress range due to residual stresses, b) Test method for simulation of residual

stresses in small welded joints
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However, there are concerns when applying a high constant load to simulate residual stresses
and then cycling at a high mean stress. The impact of a tensile load is different to that of
residual stresses. Residual stresses are in equilibrium, which is not the case with an applied

constant load.

The International Institute of Welding (IIW) recommends a similar method in which the
fatigue tests are run at a high stress ratio, i.e. R=0.5 or to employ a fatigue enhancement
factor is introduced for stress ratio, R<0.5 [16]. This modification takes into consideration
both the release of residual stresses and mean stress effects where high residual stresses are

not present.

Residual stress effects must be considered when using small specimens to develop
compatible S-N curves for the predicting the fatigue lives of larger welded structures. Ideally

test pieces should be manufactured sufficiently large as to contain the residual stresses.

2.3 Computer Aided Engineering (CAE)

Computer Aided Engineering (CAE) involves computer modelling in the design,
development, performance evaluation, simulation and manufacturing of components. It
encompasses, for instance, aerodynamic modelling of airflow around cars; CAD drawings of

a component; simulation of a tooling process for input data on a CNC lathe machine.

As computing power advances, and cost saving opportunities are sought, an attractive

solution for reliable and optimised designs is CAE and finite element analysis (FEA).

2.3.1 Finite Element Analysis (FEA)

Finite element analysis is a mathematical model that solves differential equations
representing a physical problem. There are many different applications and techniques for
this type of computer analysis. For the purpose of this literature review the Finite Element
Displacement method is discussed. There are further sub-divisions depending on the
environment e.g. non-linear, dynamic or linear elastic conditions. For a simple implicit model
(structural linear elastic) F(t) = Kx, where both the input Force F, and component stiffness K
values are known, simultaneous equation matrices are solved in order to determine the
displacement of the structure under analysis. The solution provides the engineer with

information on structural behaviour and performance before a component is made.
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The component to be analysed is broken down into a finite number of elements and nodes in
a mathematical model known as the mesh. This is achieved using a software package known
as a pre-processor having a CAD-like user interface. The boundary conditions are then
defined in the pre-processing stage and the physical quantities such as loads and constraints
are defined to represent the real environment. Sets of equations are established for the
component as a whole and the equations solved in the Analysis Solver. The solution of the
finite element model calculates the unknown quantities from the simultaneous equations,
giving the displacements and stresses or strains for each element and producing the
deformation of a component. In the post-processing stage the results can be plotted to view

the maximum stress or strain, stress concentrations and deformation.

Pre-processing Analysis Solver Post-processing

CAD geometry
boundary *
conditions w

Solution of finite

element model Deformation and
displacements
Mesh representation
nodesand
elements. .JfrcHfcL

Stress contour plot

Figure 25: Finite element model process

This example is based on a linear structural finite element model. Other branches of FEA wiill
require further steps to input material data and contact elements depending on the
environment. These might include material or loading non-linearity. This durability

assessment project is particularly concerned with a fatigue environment analysis.

2.3.2 Finite Element (FE) Fatigue analysis

As fatigue and durability are an important aspect of component design, it is often beneficial
to complete a FE fatigue analysis to obtain an idea of the structure's performance. In its

simplest form, a fatigue analysis can be described using a ‘five-box trick’, Figure 26.
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Figure 26: Finite element fatigue analysis - 5-box trick

A fatigue analysis, alongside a structural FE analysis (as described in the previous section),
the fatigue model also requires material property data and a load-time history. To understand
the steps taken in a fatigue analysis, the 5-box trick needs to be expanded. There are two

approaches that can be taken:

Elastic-plastic FE analysis;

Linear-elastic FE analysis, scaling and super-positioning.

The main difference between the two is non-linear as opposed to linear analysis. In an elastic-
plastic fatigue analysis a non-linear solver is used to establish localised plastic deformation
associated with the fatigue failure. The load-time history data is entered into the FE-model

along with material data, Figure 27, in the form of a stress-strain curve.

A body with two
loads acting on it - A
stress-time load
history is required
for the stress
concentration where
the fatigue crack
initiation occurs.

Figure 27: FE fatigue analysis - elastic plastic loading

32



An FE elastic-plastic analysis is run using the two load-time graphs to obtain a stress-time (or
strain-time if a strain-life approach is used) history, ap (t). This is an ideal approach for
obtaining the stress-time data. However, it is not very practical for large loads. Solution times

for a non-linear analysis can be lengthy when using high overloads.

1. Stress-Time History 2. Rainflow Cycle Counting
time time *
FE analysis to calculate aplastic-t history Rainflow counting to convert opjSlct into Ao & a,
13 Damage Calculation 4. Life Calculation
‘thy D: =J (Damage Accumulation)
’ -
(]
) Nf
T
N,
Stress life calculation using S-N curve Miner's Rule

Figure 28: FE fatigue analysis damage calculations

Once a opiastct history is obtained. Figure 28, rain flow cycle counting is applied to reduce
the range of varying stress cycles into a number of simple stress reversals. The stress ranges
and mean stresses are calculated for the op-t data. The next step involves a correction for any
mean-stresses and then a damage calculation using fatigue performance data, i.e. an S-N
curve. A life calculation completes the fatigue analysis. The fatigue life is estimated using
Miner's Rule and states how many repeats of the loads, Prt and P:-E can be endured before

failure occurs.

Due to the time-consuming non-linear solution process, an alternative and more practical
approach is often adopted. The elastic-plastic analysis also demands a large amount of
computing resource. The alternative is to carry out a linear-elastic fatigue analysis.
Considering the simple model below in Figure 29, with two loads acting on the body, a
straightforward linear elastic FE analysis is illustrated. Separate analyses are run with a single
unit load replacing each load-time history. Two separate elastic stresses are calculated for the

stress concentration at the fatigue crack initiation site.
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Figure 29: FE fatigue analysis - linear elastic scaling and positioning

Each calculated stress is multiplied by the load-time history to give the elastic stress-time
history, o eiastic-t. The two aeiastict histories are then super-positioned to give the elastic stress

versus time data.

The Geiastict is used in a similar way to the elastic-plastic analysis. However, the stress-time
data is in terms of elastic stress. The analysis must now take into consideration the material

non-linearity and plasticity experienced at the local fatigue crack locations.
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Figure 30: Linear elastic - scaling and super-positioning

Once a oeddic-t history is obtained through scaling and super-positioning, Figure 30, rainflow
cycle counting establishes the stress range applied and the number of times each range is
repeated. The total effective stress ranges and numbers of cycles are calculated, reducing the
number of varying stress cycles to a set of simple stress reversals. The calculated stress range
and mean stresses from the oeiasticf data are analysed to define the material non-linearity
experienced during the localised plastic deformation. Neuber's approach [23] allows the
plastic redistribution of stresses and strains to be established. The next step involves a
correction for any mean-stresses and then a damage calculation is completed using an S-N
curve. A life calculation completes the fatigue analysis. This estimates the fatigue life using
Miner's Rule stating how many repeats of the loads Prt and P.-t, can be endured before

failure occurs.

To what extent FE-based fatigue analysis and calculations are needed and relied upon
depends on the type of component and its service environment. If it is a critical component
where failure could result in serious safety implications, the calculation and fatigue analysis

are verified by fatigue testing. Full-scale or prototype testing is required if, for example, an
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automotive vehicle is being designed and safety was a requirement. This is expensive and a
prototype must be developed. However, if the FEA proves to be an accurate process, and the

analyst is confident of the predictions, fewer modifications to the prototype are required.

2.3.3 FE - Weld fatigue analysis

In any welded structure the loading stresses and paths can be complex. When the structure
consists of numerous welded joints, the analysis can become very intricate. Traditional
standards of weld classification aim to simplify loadings into direct tensile or bending loads.
However, in service load paths are much more complex. The actual stress at a weld is also
difficult to determine but, through FE modelling, structural, nominal and even notch stresses
can be established and used to predict fatigue performance. When using FEA to model the
effects of welded joints, the ways in which welds and failure modes, etc are represented,
depends on the method and software employed. In the previous chapter the requirements for a
fatigue analysis were discussed: material data; loading history; the geometry stress analysis,
Figure 26. For a weld fatigue analysis the critical characteristic is how to define and calculate
an appropriate parameter for the fatigue strength. Before discussing how to calculate a weld
fatigue damage parameter, it is important to consider the requirements of a FE weld fatigue

analysis.

There are many challenges associated with establishing a reliable FE weld fatigue assessment
method for welded components. To warrant the investment and time commitment, the life
prediction should satisfy certain criteria. In essence, a weld fatigue analysis should be quick

but also efficient and accurate.

In general, a finite element model with a coarse mesh presents limitations. Principally, the
mesh is not fine enough to represent the component geometry adequately. With a finer mesh,
greater accuracy in results should be achieved. However, the increased number of equations

requires greater computing resources and involves longer solution times.

Coarse mesh Fine mesh

Figure 31: Weld representation - Coarse vs. fine mesh
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At a crack initiation site such as a weld toe, an FE stress analysis requires a very fine mesh
around the toe to predict accurately the stress. However, a notch effect can create misleading
stress values due to the stress singularity. The finer mesh produces higher levels of stress.
The notch tends to push the maximum stress towards infinity and will never fully converge.
In essence, a different size mesh will calculate a different stress value. For a weld fatigue
analysis to be reliable, the chosen method should give consistent results regardless of the
mesh size and density and also the type of mesh element used and solution parameters

employed.

For a reliable durability assessment to be consistent and applicable to a wide range of
structures, the method must be geometry independent. For a nominal stress-life curve, the
weld fatigue strength is geometry dependent. This poses a problem for a weld fatigue analysis
as it is not practical to have numerous material data curves. In order to remove the geometry
dependency an alternative damage parameter must be devised for the y-axis of the S-N curve.
This parameter ought to correlate and collapse all of the data onto one master curve. Thus, the
various coupon geometries such as T-joints, butt welds or lap joints should fit onto one curve.

This is not possible if the defined parameter is geometry dependent.

2.3.4 Weld fatigue assessment methods

For the durability assessment to be reliable it should meet the criteria discussed previously;
be fast, accurate and efficient. How well these criteria are met is dependent on the approach
taken and fatigue damage parameter chosen. There are many methods that have been
developed to calculate a weld fatigue parameter and these fall into one of the following

approaches:

Nominal stress;
Structural stress;
Notch stress;

Linear elastic fracture mechanics.

Each approach uses different calculation techniques and damage parameters to obtain fatigue
life predictions. The accuracy of the life predictions is often a product of the effort put into
the model. As the accuracy of the life predictions increases so does the effort, complexity,

and, ultimately, the time and costs.
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Complexity

Figure 32: Accuracy vs. Complexity and effort required in a fatigue analysis |24|

The fatigue damage parameters differ for each approach. The definition of each stress

parameter is defined in Figure 33.

total notch
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Figure 33: Weld fatigue damage parameters

The nominal stress (Aarom) approach is a widely used method using S-N curves and the
classification of welded joints. Traditionally, it formed the basis of the British Standard
fatigue assessment codes [25]. Each welded part of a structure will be placed into a category
depending on the loading mode, geometry, stress concentrations and more importantly, the
engineers experience and judgement. The fatigue life is based on the nominal stress measured
from a strain gauge, as shown in Figure 33, local to the welded joint. The nominal stress
range is correlated to the fatigue life of the S-N data relevant to that category of weld. The

IIW weld classification recommendations [16] and the Norwegian structural design code [26]
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have been published more recently using the Ac,om. Modifications to the traditional nominal
stress approach have been developed over time to account for various factors previously
overlooked. Factors that affect fatigue life performance such as mean stresses and thickness
effects, as previously discussed, are considered in order to achieve improved fatigue life
estimations. Other research work [27] questions the use of test-piece developed S-N curves
for the fatigue life estimation of welded structures. Due to the differences of material
behaviour between laboratory specimens and a welded structure in service, only the crack
initiation fatigue life can be represented by S-N curves. These modified ‘crack initiation S-N
curves’ are based on local conditions at the weld. It is then suggested that subsequent crack
propagation should be analysed individually considering the overall structure and loads
experienced. The nominal stress approach is very much a practical application and holds all
the costly and time-consuming implications in relation to the building and testing of a

prototype component as discussed earlier.

The structural stress (o;) approach (or ‘geometric’ or ‘hot-spot’ stress) calculates the stress at
the weld failure (i.e. weld toe), taking into account the stress due to the geometric stress
concentration but not the effect of the local weld notch geometry (non-linear peak stress).
The stress at the weld toe is a derived value representing the maximum stress and stress
increase due to the structural geometry. Stress values are measured at certain distances away
from the weld, allowing the hot-spot stress concentration factors to be calculated through
extrapolation. The calculated structural stresses are then analysed against generated test data

in the form of S-N curves and the fatigue performance is determined.

The method was originally developed for the assessment of offshore tubular joints. Various
proposals exist for the extrapolation of the hot-spot stress [28] and more recently IIW
recommendations have published a general international consensus [29] on its application.
Despite the hot-spot stress being essentially a fictitious value, Niemi [30] defined the stress in
plate structures at the weld toe to be the sum of the membrane and bending stress, see Figure

34.
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Total Stress or Notch Stress = an€én+ abed + 3,

Figure 34: Components of total stress -membrane, bending and non-linear peak

The approach is greatly dependent on the mesh size in the FE analysis. The approach was
further developed by Dong [31] using the derived membrane and bending stress and
calculating the structural stress through FE nodal forces and moments. The technique

proposes to be mesh insensitive using simple coarse elements.

Material performance data is required for welded joint specimens. Fatigue tests must be
carried out on various weld geometries in order to generate the necessary S-N curves. The
geometries of the welded joints are then modelled and analysed. FEA models highlight the
stress-strain levels and stress concentration areas at the critical failure locations. Information
is required on the loading modes and stress levels that are typically experienced on the
structures in-service. Once all three sets of information and data have been gathered, the FE
fatigue analysis of the weld structure can be run. The results give a prediction of the fatigue

performance of the structure and of critical or likely failure locations.

The structural stress method has advantages over nominal stress methods as a result of its
numerical pedigree. It does not require a prototype design to obtain a fatigue life estimate.
The analysis can be completed early on in the design stage, highlighting any fatigue prone
critical areas that can be modified before a prototype is made. Resources include only the
computing power and operating labour. It is significantly less costly than manufacturing and
altering a prototype. Despite satisfying the criteria of fast, accurate and efficient criteria, the
method does historically have a limited number of applications to support its adoption.
Extensive research is now taking place using the theory and has even met with some success
[32, 33]. The method proposed by Dong [31] has gained ground since being accepted as a
United States Patent [34]. It is also being included in a commercial software package, and the
theory has more recently been acknowledged in the ASME Section VIII, Div.2 Boiler and

Pressure Vessel Code [35].
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Due to the various methods available for calculating structural or hot spot stress, a number of
recent research papers have focused on a comparison with other techniques. Work completed
by Poutiainen et al [36], Wei [37] and Fricke et al [38] carried out studies to calculate and
apply different variants of the structural/hot-spot stress technique. All papers review the
methods for calculating stresses for a number of different weld details, but lack the next step

of achieving fatigue life predictions for real welded components.

Another popular approach involves the notch stress. The notch stress in a welded joint is
defined as the total stress at the root of a notch. The stress concentration caused by the notch
is assigned an effective notch root radius. A universal notch radius is used to describe the
fusion zone of the weld and parent metal (radius = Imm for thick metals and = 0.3mm for

thin metals).

Radius
r=lmm

|
|

Figure 35 - Effective notch stress of a stress concentration

Notch effects caused by a welded joint such as a toe undercut or root are introduced and
replaced by an effective notch radius, Figure 35. It is a fictitious parameter and so cannot be
measured on specimens. The fatigue life prediction is based on formulae and an FE analysis
of the notch stress which is correlated with an S-N curve. Material properties are back
calculated from test data, taking into consideration the mean loads and scatter. FEA is then
used to calculate the critical location stresses and the stress concentration factor, K, defined.
From the fatigue tests of the components, the endurance limit range is determined and the

weld material endurance limit range is derived by back calculation.

Where
K=stress concentration

ASg= weld material endurance limit range
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A°cE = endurance limit range.

The notch stress approach has the advantage that it considers the weld geometry, but requires
a detailed FE model. It has much higher accuracy for complex structures but is only effective
if the critical locations are known. The effective notch stress cannot actually be measured
experimentally and it does need a much higher mesh density, increasing solution time and

resources.

A linear elastic fracture mechanics approach can be employed to predict the crack
propagation life. It describes the behaviour of the crack tip at the weld. Given that the weld
will almost definitely contain a crack initiation site in the form of a weld flaw, this approach
analyses the rate at which a crack will propagate causing complete failure of a component. As
the generation of a flaw is unavoidable, the engineer must design against or try to control the
propagation of a crack. Tests are required to determine the fracture resistance of a material
and the assessment of a structure. The notch stress intensity factor K, describes the fatigue
propagation behaviour of the crack tip depending on its shape and orientation. Linear elastic
fracture mechanics (LEFM) is an analysis developed from early work completed by Griffith
[39] where he described a crack in terms of an energy balance between stored energy and
crack surface energy. Propagation is due to stored energy being released. This work was
originally based on brittle materials until developments were made [40] to allow analysis for
ductile metals. The stress intensity factor, K, analyses the stress at the crack tip caused by a
remote applied stress, ¢, and depends on the size of the crack, a (= half-length of the crack).

In its basic form:
K=o (7|:a)”2 Eq2.2
Further modifications of the equation are used depending on the loading and orientation of a

crack. In fatigue, the crack growth rate, da/dN is related to the cyclic stress intensity range,

AK. The method leads to the Paris crack growth law [41]:

da/dN = C(AK)" Eq2.3

Formulae for K are available in terms of local geometry, crack shape and position and
particular modes of cracking (opening, sliding or tearing). The prediction of fatigue life
involves integrating growth rate equations such as equation 2.3, between the initial and final

crack sizes for a given stress range.
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Applications of LEFM are largely found in the fatigue assessment of many aerospace
components. Structural parts undergo routine inspections at set intervals to detect cracks. The
LEFM will have to predict the propagation of a crack before its next inspection. Parts are

removed from service once a crack reaches a critical length.

2.4 Conclusions of Literature Review

Fatigue plays a crucial role in the design and service life of all engineering components. If it
is not adequately designed against, it can cause early failures resulting in great financial and
possibly even catastrophic loss. In this literature review, various aspects of welded
components, weld fatigue performance, design process and testing methods have been
discussed. Furthermore, the detrimental impact of various stress concentrations that affect the
performance of welded joints in yellow goods equipment have been highlighted. There are
various methods available when designing against the fatigue of welded goods. The
advantages and disadvantages associated with current weld classification methods employing
a nominal stress approach have been discussed. Alternative approaches have been reviewed,
focusing on the techniques that involve a numerical Finite Element based procedure. This FE
approach offers many advantages over traditional nominal stress methods. However, it is still
under evaluation and yet to be established. This leaves scope for this project on ‘Reliable

Durability Assessment of Welded Yellow Goods Equipment’.

Main conclusions:

e Fatigue in general is a very challenging failure mode to design against, with many
design criteria and life prediction models available.

e Yellow goods equipment are demanding structures enduring constantly changing
loads and extensions.

e Welded joints have significantly reduced fatigue strength due to stress concentrations
created by weld profile and welding induced residual stresses.

e Residual stresses (local and long-range) are very important in welded coupon joints.
They must be handled with care in applying coupon data for designing and lifing
welded structures.

e Other factors such as discontinuities and thickness effects also affect fatigue
performance.

e The durability of a yellow goods structure relies on the overall durability of the

welded joints.
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e Various life prediction methods are available but nominal stress and weld
classification methods are commonly used.

e There are concerns with BS7608 and ‘nominal stress’ approaches’ including the facts
that the design-test-redesign process creates uncertainty of time-to-market for the
product and it is expensive to create numerous prototypes.

e There are concerns with an FE-based approach used for the life prediction of yellow
goods which include accuracy vs. mesh size and density, geometry dependency, and
mesh sensitivity.

o The uncertainty of an FE-based weld fatigue life prediction method creates great

scope for this project to establish a reliable FE-based Durability procedure.

2.5 Program Objectives

When using an iterative ‘design-test-redesign’ and build method of product development, it
can be beneficial to incorporate some degree of Computer Aided Engineering into the
approach. Weld fatigue is one of the potential areas and the overall objective is to establish a
reliable finite element (FE) based durability assessment procedure for welded yellow-goods

vehicle structures.

The aims of the project are:

e Generate weld fatigue data (S-N curves) through testing small welded coupons of
various geometries and loading modes.

e Complete FE structural stress and fatigue simulations of coupons to verify fatigue
data.

e Complete FE stress and fatigue simulations of selected yellow goods equipment.

e Verify fatigue predictions by fatigue rig testing of selected yellow goods components.

e Evaluate the techniques used for prediction quality and produce best practice

guidelines for FE weld fatigue life prediction.

Making use of CAE tools and implementing an FE-based weld fatigue life prediction method
will supplement current life prediction methods used to potentially achieve right-first-time

designs. They will minimise the emphasis on, and requirements for costly prototype builds.

There are certain issues to overcome in order to use an FE-based method and these will
govern the effectiveness of the approach and establish if an FE weld fatigue package can be

used at all. The main issue is how the stress is calculated at a welded geometry. It is very
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difficult to model and calculate the actual ‘real’ stress at a weld. It is also just as difficult to
physically measure the real stress at the weld. For this reason, current fatigue life prediction
methods measure or calculate the nominal stress away from the weld, then relate that stress
range to a set of predefined curves. In order to adopt an accurate and efficient FE-based
method this project had to adopt a different method of calculating the weld stress using an
alternative damage parameter. How well this damage parameter can be used can only be

found out through the research proposed.

Undoubtedly, the project aims and objectives could potentially reduce the time-to-market of

products and significantly lower design-development costs.
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3. Experimental Methods

In order to complete an FE fatigue analysis and obtain accurate predictions, material data has
to be input into the FE-model, containing information on the fatigue strength properties. The
material data is generated by cyclically loading material or welded joints at a range of stress
levels until failure occurs. For the case of welded joints, various configurations are made by
welding small plates of sheet steel together to make a ‘coupon’. The joint configuration is
essentially a small-scale representation of a similar type of weld geometry from a larger
structure. This gives an indication of the fatigue performance of that type of weld without

incurring the costs of full-scale component fatigue testing.

3.1 Health and Safety

All the testing was carried out according to the site Health & Safety rules, guidelines and
appropriate safe operating procedures (SOPs). Personal Protective Equipment (PPE) was
supplied and used in the form of safety gloves, goggles and shoes. Safeguards were in place
before any testing commenced in order to minimise the risk of harm to personnel and damage

to equipment.

3.2. Data generation — coupon testing

3.2.1 Fatigue test equipment

The general fatigue test principles are shown in Figure 36. The stress range is defined as the

maximum applied stress minus the minimum applied stress.

AG =Omax-Omin Eq3.1

The stress ratio R, is the ratio of the minimum stress applied divided by the maximum stress.

R= Omin / Omax Eq 32

Where:
Ac = stress range
Omax™= Maximum stress
Omin= Minimum stress

Loading cycles vary, such as fully reversed, R=-1, where the applied tensile stress is equal to

that of the compressive stress. When R= 0, the load applied is reversed back to zero stress
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(i.,e. the stress is only tensile), or R=0.5, where the load reversed is equal to half of that
applied.
1 stress cycle

Stress amplitude cr,
Stress

Time

Figure 36: Fatigue test principles

The fatigue test machine used was a Schenck 400kN servo-hydraulic twin-column loading
frame with MTS 500kN hydraulic grips, as shown in Figure 37. The loading frame operates

via a Kelsey Instruments K7500 servo controller.

Figure 37: Schenck 400kN Servo-hydraulic loading frame

All of the equipment was in good working order and calibrated with all the relevant
certificates prior to the testing commencing. As the hydraulic grips are a new addition to the

loading frame, a Health & Safety risk assessment (RA) was completed and SOP proposed.
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3.2.2 Test parameters

There are no set rules for the fatigue testing of welded coupons, specimen sizes or
geometries. The coupon fatigue tests were run following the guidelines set in British Standard

BS3518 for constant amplitude fatigue testing of metallic materials [9].

The load controlled fatigue tests were all run with constant-amplitude sine wave at varying
stress ratios. The tests were completed in ambient air temperature and at the maximum
possible operating frequency. Tests were completed at a frequency of 5-10 Hertz, depending
on the overall stiffness of the coupon. Tests completed have shown that a frequency of 12
Hertz (Hz) is easily achievable without any large signal errors or compromise to the test

conditions.

In order to achieve repeatability and consistency in the test methods, the same set-up
procedure is used on all tests. The test coupon is placed in the hydraulic grips at 90 degrees to
the test bed using a calibrated inclinometer and clamped up. The strain gauge readings are
recorded with the test piece in-situ and no loading applied. The test loads are then entered

into the servo controller and the test is begun.

Each test was ended after complete separation and ‘through’ failure of the joint had occurred.
The number of cycles was recorded. Data logging equipment was used to record the servo-
controller feedback loading and displacement for the peak and trough of each sine wave
cycle. Calculating the loading range divided by the displacement defines the stiffness
parameter, K of the test coupon. As a crack propagates through the test coupon the stiffness
decreases as shown in Figure 38. Plotting the stiffness against the cycles to failure displays
the stiffness drop over the life of the test. Upon analysis of the results, a defined percentage

stiffness drop (10 or 20%) can be set as the effective fatigue life.
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Figure 38: CP07- Example of coupon stiffness drop over cycles to failure

3.2.3 Material specification

The material used was 8mm or 12mm thick S355 carbon-manganese structural steel
(EN10025:1993 grade). This hot-rolled product has good strength and welding properties and
is widely used by yellow goods manufacturers. The mechanical properties and chemical

composition are listed in Table 1and Table 2.

Mechanical properties - S355

Upper yield strength Lower yield strength 0.2% proof Tensile
% Elongation
(Reh) (Rel) (Rp0.2) (Rm)
Specification 355MPa (mm) - - 470-630MPa 20% (min)
Measured 437MPa 420MPa 429MPa 522MPa 27

Table 1: S355 mechanical properties

Chemical properties - S355 (» composition)

Carbon Manganese Phosphorous Sulphur Silicon Nitrogen
[ Mn P S Si N
Specification
0.240 1.600 0.035 0.035 0.550 0.012
(Maximum)
Measured 0.131 1.050 0.012 0.019 0.007 0.003

Table 2: S355 chemical composition

Tensile test samples of the material yielded the true stress-true strain curve shown in Figure

39.
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Figure 39: True Stress-Strain curve - $S355 8mm thick hot-rolled structural steel

All the test coupons were welded with a semi-automatic MAG welding machine using an
Argon/CCb (88/12%) gas mix. The welding parameters were kept consistent wiih those used

for welding yellow goods components shown in Table 3.

Welding Parameters
Current Voltage Travel speed Gas feed

300 amps 30V 11 metres/min 15p.p.m.

Table 3: Welding parameters - test coupons -8mm thick material

3.2.4 Tensile load Tee-joint

The coupon geometries were chosen to best represent popular and typical joint configurations
found on yellow goods equipment. One of the most popular configurations is the tee joint
single-sided fillet weld. Two plates align together to form a ‘tee’ shape as detailed in Figure
40. The single-side weld is common practice as in many configurations access to the

underside o f the plate is restricted.
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Figure 40: Tee joint single sided fillet weld - tensile load

The coupons were fabricated (with an 8mm partial penetration fillet weld) from 1m lengths of
steel and sectioned on a horizontal flat bed band saw into 9 x 100mm wide coupons,
removing the weld start/stop (50mm off each end). Due to the manufacturing process, the
finished coupons were produced with varying levels of distortion. Ideally the upright plate
would be perpendicular to the base plate. However, when the weld seam is cooling and
contracting, the upright plate will become offset from 90 degrees. The upright can be tack
welded into a pre-offset angle i.e. at -5 degrees so when the weld cools, the upright pulls over
and is perpendicular, but this is very difficult to control accurately. The coupons tested had a
range of distortion levels from around 1 degree to 5 degrees. In total 20 test coupons were

made.

In order to account for the distortion created in the coupons during the manufacturing
process, the fatigue test used two coupons in a back-to-back configuration. This ensured the
loading path would be purely tensile accounting for the misalignment and bending of the

coupon. Failure was defined as complete separation of the joint.

Two brace straps and M16 cap screws were clamped over each flange of the base and hand-

tightened ensuring the correct alignment of the uprights, shown in Figure 41. Next the
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required pre-load torque was applied to the four bolts,

sequentially to ensure an even clamping force.
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tightening in increments

0X0 — 43 XO

and

Figure 41: Tee testing - a) Strap dimensions, b) Strap and coupon setup and e) Coupon mis-alignment

This configuration removes any misalignment keeping the loading path tensile and reducing

an> possible bending moment. The back-to-back coupons were then placed

machine and the upper and lowerjaws clamped.

3.2.5 Bending load Tee-joint

in the test

The bending load tee-joint coupon is similar to the previous geometry, although the test

configuration was modified to change the loading mode and crack location. Thus, while the

first tee coupon experienced a predominantly tensile load, in this case a bending load was

required. The coupon geometry is detailed below in Figure 42.
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Figure 42: Tee-joint double sided fillet weld - bending load

The coupons were fabricated from 120mm by 300mm laser cut steel plate and welded
individually. Two 8mm partial penetration fillet welds were created each side of the upright.
Due to the manufacturing process and heat input, the base plate of the coupon was slightly
distorted. Each side of the base rose by an angle of ~0.5 degrees into the upright as the weld
runs cooled. The 120mm wide coupons were then placed in a milling machine and 10mm of
material removed from each side. This ensured consistent widths and parallel edges. The
weld start/stops were removed. To prevent fatigue cracking at the edge of the coupon, the
edges of the weld toe notches were prepared with an abrasive wheel. The notch was ground
using a coarse (60 grit) and fine (240 grit) grinding disc, leaving any grinding marks parallel

with the loading path. 12 test coupons were made in total.
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Figure 43: Tee-joint bending load test configuration

The base of the tee-joint was clamped to the loading frame actuator with a brace-to-brace
distance of 100mm, Figure 43. The upright was clamped in the hydraulic grips. This test
configuration created a high bending moment and promoted failure along the bottom weld

toe.

3.2.6 Load carrying Lap joint

The load bearing lap joint geometry consists of two plates, 337.5mm by 100mm wide, with
an overlap of 75mm. An 8mm leg length fillet weld is laid on each side. The weld detalil,

Figure 44 is typical of the type of attachment found in welded yellow goods structures.
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Figure 44: Load bearing lap joint
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The material for the coupon test pieces was first laser cut to 120mm widths. The coupons
were fabricated individually and the two welding runs created. Each coupon was placed in
the milling machine and the material removed evenly leaving a 100mm wide coupon. This
ensured consistent widths and parallel edges for each sample. The weld start/stops were
removed. The thickness capacity of the hydraulic test grips is 10.9mm (max material
thickness). Due to the double plates on the lap joint (total thickness 16mm) the clamp area of
the coupon required a milling machine operation to remove 3mm from each outer edge. A
packing block of Smm was inserted in the grip along with the coupon to ensure an aligned

loading path in the test frame.

To prevent fatigue cracking at the edge of the coupon due to any edge effects, the edges of
the weld toe notches were prepared with an abrasive wheel. The notch was ground with a
coarse (60 grit) and fine (240 grit) grinding disc leaving any grinding marks parallel with the

loading path. 16 test coupons were made in total.

3.2.7 Non-load carrying transverse cover plate

The non-load carrying cover plate geometry consists of a main plate strip, 600mm by 100mm
wide, and a cover plate attachment, 100mm in length, with a double 8mm leg fillet weld,

Figure 45. The weld detail is typical of fillet weld attachments found in welded yellow goods

components.
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Figure 45: Non-load carrying cover plate coupon

The coupon geometry was initially welded from a 1000mm long test-piece. The attachment

was tack welded in place and the two fillet weld runs laid down. The 1000mm length was
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sectioned into individual widths approx 120mm wide and each had material removed down to
100mm wide coupons on the milling machine. Due to the manufacturing process and heat
input, the base plate of the coupon was slightly distorted. Each side of the base rose by an

angle of ~1.5 degrees towards the cover plate side as the weld runs cooled.

To prevent fatigue cracking at the edge of the coupon due to any edge effects, the edges of
the weld toe notches were prepared with an abrasive wheel. The notch was ground with a
coarse (60 grit) and fine (240 grit) grinding disc leaving any grinding marks parallel with the

loading path. 16 test coupons were made in total.

3.2.8 Non-load carrying horizontal attachment

The non-load carrying horizontal attachment coupon consists of one main back plate,
6000mm by 100mm wide, and a single transverse attachment 100mm by 100mm. The
attachment is fabricated with an 8mm leg length fillet weld, some with a single weld and
others with a weld run on both sides of the plate, Figure 46. A second coupon was created,
600mm by 100mm but with a double attachment (60mm long) and four weld runs in total,
Figure 47. These weld details are typical of non-load carrying horizontal welded attachments

in yellow goods structures.
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Figure 46: Single sided non-load carrying attachment
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Figure 47: Double sided non-load carrying attachment

The material for the coupons was first laser cut to 120mm widths. The welding operation
fabricated each coupon individually. The milling machine operation removed material evenly
leaving a 100mm wide coupon with consistent and parallel edges. Due to the joint
configuration and welding process, the single-side attachment coupons were slightly
distorted. Each side of the base became elevated by an angle of ~2° into the attachment plate
as the weld runs cooled. The double-sided coupons were welded sequentially and opposite to
the previous weld run to minimise the distortion. Each weld contracted equally with little

distortion. 4 single-sided welded coupons and 8 double-sided welded coupons were made.

To prevent fatigue cracking at the edge of the coupon due to edge effects, the edges of the
weld toe notches were prepared with an abrasive wheel. The notch was finished with a coarse
(60 grit) and fine (240 grit) grinding disc leaving any grinding marks parallel with the loading

path. 16 test coupons were made in total.

3.2.9 Load carrying cruciform joint

The load carrying cruciform joint consists of two main uprights, 300mm by 100mm wide,
welded to a middle single horizontal plate 120mm by 100mm, Figure 48. Two coupon types
were fabricated, the first with an 8mm leg length fillet weld, and the second with a 10mm leg

length fillet weld.
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Figure 48: Load carrying cruciform joint

The material for the coupons was first laser cut to 120mm widths. The welding operation
fabricated each coupon individually. The milling machine operation removed material evenly

leaving a 100mm wide coupon with consistent and parallel edges.

The cruciform coupons were welded sequentially and opposite to the previous weld run in
order to minimise the distortion. Each weld run contracted evenly with little distortion. Eight

8mm leg length fillet cruciforms and six 10mm leg length fillet cruciforms were made.

To prevent edge effect fatigue cracking of the coupon, the edge of the weld toe notches was
prepared with an abrasive wheel. The notch was ground with a coarse (60 grit) and fine (240
grit) grinding disc leaving any grinding marks parallel with the loading path. 14 test coupons

were made in total.

3.3 Welded Test Component - structural testing

The previous section covered the types of geometries used to generate basic weld fatigue data
to input into the finite-element model and to facilitate the fatigue durability assessments. The
approach is being applied to new applications here, and in order to have confidence in the

fatigue predictions they must be validated, as with any kind of finite element modelling.

The optimum validation is against physical testing of the same component under similar
boundary conditions. Structural fatigue testing in a laboratory, controlled environment

provides a fast and accurate assessment of the integrity of components. In a short length of
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time, a large number of known loads and cycles can be applied and failure locations obtained.
Potentially, the loading conditions are not fully representative of in-service conditions.
However, the ability to precisely control the boundary test conditions provides a vital step
towards validating any new methods or approaches. The predictions can be compared against
the actual measurements recorded during testing and analysed for quality and accuracy. As
the testing equipment moves from permanent loading frames to assembled test fixtures and
rigs and larger components, the sources of variability in fatigue results are ever more
possible. This requires careful consideration of the actual loadings seen by the component in

order to achieve accurate correlations between predicted and measured fatigue lives.

3.3.1 Component design

As an intermediate step between the data generation stage on relatively simple test pieces and
fatigue assessments of an actual sub-assembly or component, a test component was used to
initially validate the Structural Stress approach. This test component is a simplified
component related to a part, but only a small section of the full assembly. The aim is
predominantly to validate the assessment method using similar loading conditions, materials

and failure modes rather than obtaining fatigue life predictions for an in-service component.

The design of the test component was based to some extent on a section of the ‘dipper’ which
is part of an excavating arm from a Backhoe Loader, Figure 49. The dipper component is
attached to the boom arm by a pivot pin and has an excavating bucket at the other end. It

plays a vital part in the main excavating operation.

Figure 49: J.C. Bamford Ltd. Backhoe loader - excavator arm at rear of vehicle
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The test component, Figure 50, is made from 8mm thick plate pressed into a U-section,
190mm high by 150mm wide and 1000mm long. Along one length of the section there is a
mouse-hole semi-circle cut out with a 35mm radius, 240mm along the length. This is to
create an unsymmetrical loading path causing a non-uniform stress distribution. The U-
section is then welded to a wider and longer 12mm thick base plate (250mm by 1100mm).
The weld runs have a 6mm 45 degree chamfer weld preparation. A capping weld is added on
top with a weld leg length of 10mm. The weld run stops over the length of the mouse hole

and restarts until the end of the U-section.
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Figure 50: Test component design — mini dipper

Welded along each radius of the U-section pressing, were two attachment plates, 700mm
long by 150mm high with a chamfer of 20 degrees on the top edge. A double weld run was
used to achieve a full penetration weld at the radius. In the centre of the attachment plate is a
63mm diameter hole with a boss tube 50mm wide (45.3mm dia.) and set into the plate 10mm.

The attachment plate was prepared with a 6mm chamfer and 3 weld runs.
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Figure 51: Test component weld run profiles

The weld profiles represent popular joint configurations on actual yellow goods equipment:
partial penetration fillet, full penetration and boss and pin weld details, Figure 51. The test
components were manufactured using stock material S275 (43A grade) Carbon-Manganese
structural steel. All the test coupons were manually MAG welded and gas shielded using an
Argon/CO: (88/12%) gas mix at a feed of 15p.p.m. The welding used a spray transfer mode
with a current of 300 Amps, 30V and a travel speed of 11metres/min. The material and
welding practices are typical of those used on yellow goods equipment. The final welded

component is shown in Figure 52 of which 4 samples were made for testing.

Welded boss

U-section
pressing

Attachment plate

Base plate
Mouse hole

Figure 52:- Fabricated test component
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3.3.2 Fatigue test equipment

The on-site fatigue test equipment is generally used for determining the structural integrity of
a range of construction, material handling and agricultural equipment. Through experience in
this type of heavy machine industry, engineers are able to replicate a large number of in-
service conditions and environments. The test equipment encompasses Schenck test frames
and Kelsey servo-hydraulic controllers. Most test fixtures are manufactured through a work

instruction in-house, allowing freedom to devise and modify different tests.

The component was tested on a load-controlled basis. It is loaded by means of a hydraulic
ram and two base fixtures. The component is braced to one of the bases by clamps and the
load is applied by a pin and ram at the welded boss lug, Figure 53. The ram is connected at 90
degrees to the component and attached to the other base fixture. A load cell was used on the
end of the hydraulic ram to measure the load acting on the component during cycling. All of

the equipment was in good working order and calibrated, and fully certified prior to testing.

Figure 53: Test component test configuration

3.3.3 Test parameters

The load controlled fatigue tests were carried out under constant-amplitude sine wave loading
regimes and a stress ratio of R=0.1. The tests were completed in ambient air temperature and
at a maximum possible operating frequency until the command and feedback following error

became compromised. Tests were completed at a frequency of 2 Hertz.

62



The load range was initially determined from a finite element analysis of the component and
test model under the relevant boundary conditions. Approximate load values were calculated
from the stress output. For a desired fatigue failure around 1x10° cycles, from the S-N curves
in the standard BS7608, an F2 class weld would need a stress range of approximately

150MPa. From the FE-model this is calculated as ~230kN.

For the first test component, electrical resistance strain gauges were fitted around the weld
detail as highlighted in the FE stress analysis. 13 gauges were fitted to the first sample to
verify the loads at the local weld toe. This also provided strain readings to verify the FE stress
analysis of the model. The further 3 test components were fitted with fewer gauges just

measuring strains at the areas of interest.

In order to achieve repeatability and consistency in the test methods, the same set-up
procedure was used on all tests. The test component was placed on the base fixture, measured
for correct alignment and clamped up. The clamping bolts were pre-loaded to the values
defined in the bolt installation standard. Initial strain gauge readings were recorded under
static loads and to correlate against the load cell readings. After verifying the required load,

the test was set to run and the number of cycles recorded.

Over the period of the test, the weld locations and any possible stress concentrations were
inspected twice daily for any potential fatigue cracks. The stiffness of the component was
also monitored by a dial test indicator through displacement changes of the hydraulic ram.
The tests were run until a fatigue crack grew to a critical length (engineering crack 20mm in

length) and the test could not be run further without compromising safety.

3.4 Finite element weld fatigue assessment

As defined in the programme objectives, there is potential for the iterative design-build-test
product development stages for yellow goods equipment to benefit from Finite Element based
durability assessment methods. The programme objectives also highlighted the critical issues
in using a traditional finite element stress analysis to determine a weld fatigue damage
parameter. It is generally very difficult to characterise the stress at a weld toe, be it through
calculation or physical measurement. The problems to overcome in an FE analysis are
notably, mesh-sensitivity, fast and accurate FE-model solutions, geometry dependent fatigue

curves and classification subjectivity.
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3.4.1 FE weld fatigue life predictions

The critical issue with a linear finite element weld fatigue analysis is the notch stress
singularity effect created at the weld toe. Stresses are calculated within each element of the
mesh and extrapolated to nodes at the notch and weld toe. The results are then sensitive to the
size of the meshed elements. The finer the mesh the higher the calculated stress at the notch.
Two models with identical geometries, loading and boundary conditions are shown in Figure
54. The only difference was size of element mesh used to fill the geometry. The stress results
for the first model are approximately 33% lower compared to the second model. This is an

infinite stress singularity.

Test coupons under a 1kN unit load
and identical boundary conditions

Centre node atweld toe -

Tor

Stress(MPa) -Centre node at weld toe
Max Pnnc o Mid Pnnc o Mm Pnnc o Von Mises

1- Coarse 1108 0 1229 0 0431 1037
2- Fine 1687 0 3273 0 1561 1453

1- Coarse 2- Fine 5mm
10mm element size
element

size

Figure 54: Stress singularity in an FE stress analysis

Completing a non-linear finite element analysis will overcome this problem as material a-e
curves are input into the model. As the analysis exceeds the yield point, the material can
proceed to deform plastically. However, a non-linear fatigue solution will consist of a more
complicated analysis and take longer to solve, requiring more computing power. In order for
a weld fatigue analysis method to be effective and efficient, it must provide accurate results

fast in order to be repeated quickly. Non-linear FE-models do not fit this criterion.

As seen in any of the numerous weld fatigue design codes, fatigue lives of welded joints are

geometry dependent, Figure 55.
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Figure 55: BS7608 geometry dependent weld fatigue design curves

Each type of joint geometry is classified and is assigned a specific fatigue curve. This
approach is very subjective and not every type ofjoint or loading mode might be included.
More importantly, having a number of different fatigue curves is difficult to input into an FE
model as every millimetre of weld seam would have to be classified, which is unfeasible. Due
to the impracticalities of using a nominal stress based weld fatigue analysis, an alternative

damage parameter is sought to satisfy the above concerns.

3.4.2 Structural stress analysis method

The alternative fatigue damage parameter chosen for the durability assessment is the
Structural Stress. This is the stress arising due to the overall geometry of the structure. Niemi
[30] defined the total stress at a weld toe failure as made up of three stress components,

membrane, bending and non-linear peak stresses, Figure 56.

Figure 56: Total stress at a weld toe failure - membrane, bending and non-linear peak
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The membrane and bending stresses arise from the tensile load or bending moments applied,
respectively. These are both linear components and increase due to the geometry of the
structure. Only if there is load acting on the structure will membrane and bending stresses
occur. The non-linear peak stresses occur due to the weld notch effects such as the local
notch stress and residual stresses. The non-linear peak stresses are in equilibrium and are still

present if there is load acting on the body or not.

Dong [31] proposed distinguishing between the linear load dependent stresses and the non-
linear peak stresses. The non-linear peak stresses are assumed to be contained within the
fatigue test data and a damage parameter is calculated based only on the geometry and the

applied linear loading. Excluding non-linear peak stresses, a damage parameter is defined as:

Structural stress o

t ‘" Eq3.3

Where t = thickness, f,» = forces acting perpendicular to the weld and my> = moments parallel
with the weld. As an example, if the structural stress is calculated for a non-welded geometry,
i.e. a section with no weld notch (no non-linear peak stresses), the structural stress would be

the same as the nominal stress or Kionom €lastic stress, Figure 57.

Consider a simple plate 300mm by 100mm and 2mm thick, with a 30mm diameter hole in the
centre. The plate is fully restrained at one end and a 10kN load applied on the other.
Calculating a structural stress as defined above, the value is 167.84MPa, compared with
elastic theory Kopom =167.78MPa and FE-model 8 node element= 168.60MPa. All values

show very similar results.
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Structural Stress Profile - Plate with Hole shell element
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Figure 57: Calculation of Structural stresses for a non-welded geometry

This demonstrates that structural stress theory can calculate a stress based on linear loading
stresses only (excluding non-linear peak stresses). Having the stress calculation based on
linear geometry only will allow a number of fatigue curves to condense into one single

master curve.

After generating fatigue test data for test coupons, structural stress oss values for each
geometry must be calculated for a IkN unit load. Plotting the fatigue curves on a os against
Nf instead of ononina against Nt would then redistributes the geometry dependent fatigue data
and condenses all the points on to one curve. This curve can then be used as the basis of the
FE fatigue prediction model. After defining the curve, the same structural stress calculation
procedure using a static kN unit load must be completed for the structure or component.
This can be a new design or an un-common geometry type. A structural stress value is
determined for the new component. An FE linear fatigue analysis (as discussed in the
literature review) is completed next, superimposing a fatigue life loading regime. Ultimately
a damage summation is achieved but based on a structural stress range. This damage
summation, Aosscan then be read o ff the master-curve generated and a fatigue life prediction

obtained at each node location.
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Figure 58: Structural stress fatigue assessment

3.4.3 Validation of Method

Once a fatigue damage parameter using the structural stress has been calculated and fatigue
lives determined, all predictions must be validated by fatigue test measurements as discussed
earlier. As well as comparing fatigue measurements and predictions, strain readings can be
taken from test coupons and test components in order to validate the FE models and highlight

any discrepancies in the analysis that might lead to possible sources of error.

Along with measuring nominal stresses and strains for comparison, strain gauges were used
on coupons and components to obtain Structural Stress measurements. It is possible to
measure the level of membrane and bending stresses (excluding non-linear peak stresses) at a
weld detail with a series of strain gauges. This allows comparison of the measured and

calculated structural stresses and provides further validation of the fatigue damage parameter.
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4. Results
4.1 Coupon fatigue test results — Data Generation

In this research programme, it was recognised that an accurate weld fatigue life prediction
method would benefit from referenced and traceable fatigue data. Generating weld fatigue
data specific to the application of the prediction method can produce numerous benefits. The
fatigue data will be representative of the manufacturing processes and materials used and
enable tighter control to minimise unwanted variability in the test results. More accurate
fatigue predictions can be obtained, specific to a developed design curve as opposed to
published data from a range of un-known sources and this eliminates any conservatism of the
predictions. It is also beneficial to have access to information on the coupon geometries when
creating a finite-element model. Coupon geometries, test parameters, loads and strain gauge

measurements can help create an accurate finite element analysis and simulation.

A range of welded joint configurations have been selected to best represent typical welded
fabrications of construction and agricultural equipment. These welded coupon test pieces
have been presented and discussed in the previous chapter.

4.1.1 Tensile load tee-fillet weld

Using the back-to-back configuration as shown in Figure 59, seven load controlled fatigue

tests were completed for the tensile load tee joint.
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Figure 59: Tensile load tee joint testing configuration

Prior to testing, two 5mm KYOWA 120Q electrical resistance strain gauges were placed on
the weld side of each coupon at 5mm and 100mm away from the weld toe, to take a reading
ofthe true strain and correlate with the load cell output of the testing frame. The back-to-back
coupons were then placed in the test machine and the jaws clamped up. The strain gauge
readings were recorded with the test piece in-situ and no loading applied. The strain gauges
were calibrated and balanced to zero and a static load applied. The strain readings were
correlated with the applied load. Assuming a plane stress condition, the force divided by area
and the equating stress divided by Young's modulus, £, provides a calculated strain for
comparison to the measured readings. The recorded nominal strains and calculated strains are

given in Figure 60.
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Applied  Measured Stress Microstrain

load Micro Strain Force / area Stress / E
Sample 1 kN pe MPa pe
1 165 1025 206 1006
2 S6 560 108 524
3 80 467 100 488
4 60 288 75 366
5 60 385 75 366
6 50 307 63 305
7 40 231 50 244
Young's Modulus E = 205000MPa E= Stress/ strain Area= 800mm:

Figure 60: Measured micro-strain values and calculated micro-strain for Tee joint coupons

The tests were completed at load ranges between 36kN and 77.4kN on the DARTEC 2000kN
and INSTRON IOOKN twin column loading frames. A test running frequency between 5
Hertz and 10 Hertz was achieved based on the stiffness of the coupon but also depending on
the capability of the machine used. The following error of the load feedback signal was
always kept within approximately 10% of the command controller. All of the tests were

conducted at a stress ratio of R=0.1in an ambient air environment.

The test was completed and a fatigue life recorded when complete separation of one of the

test samples occurred as shown in Figure 61. The remaining un-failed coupon was removed

and not used in any further testing.

Figure 61: Tee joint failed coupon
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During testing the servo-controller peak feedback load and displacement signals were
recorded using data logging equipment. Using Microsoft Excel the peak load values were
divided by the displacement (kN/mm) and a calculated stiffness value, k, obtained. The

stiffness reduction of sample 7 is plotted against the number of cycles (k against Nf), in

Figure 62.
Tensile load tee-joint - sample 7 Stiffness reduction (k vs. Nf) 62,645 cycles A78kN

3
%1
0.5

0 1 ! f—m -4

0 10000 20000 30000 40000 50000 60000 70000
Cycles Nf

Figure 62: Stiffness (k) reduction curve for Tensile load tee joint sample 7

It is common practice to use a failure criterion of a 10% or 20% stiffness reduction of the
original stabilised stiffness (after initial cyclical hardening or softening). All of the coupon
geometries tested in this research work (with exception of the tee joint bending load),
produced a full separation failure before reaching a 10% stiffness drop. Full separation
typically occurred between 3-5% reduction in stiffness. For this reason, the failure criterion
for N f here is defined as a 3% reduction from the original stabilised stiffness, k. These 3%
stiffness drop fatigue lives were then used for further analysis in this work. The 3% stiffness
reduction fatigue lives are plotted on the log-log scale, Load range against Cycles to failure

(AkN against. Nf) curve in Figure 63.
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Tensile load tee-joint Fatigue Curve - Load range vs. Cycles to failure (Log-Log scale)

1000 i
A T-Joint Fillet Weld R-0.1
50°/© certainty o f survival
& 100
Ao = 1842.268N,0106
R:=0.9312
SE =0.1187
LE+04 1.LE+05 .LE+06 .LE+07

Cycles to failure N f

Figure 63: Tensile load tee joint fatigue data - Load range against cycles to failure (Log AkN against Log

Nr)

A statistical analysis was completed using a log-linear regression analysis on the y-axis (Nf)
of the fatigue data, the fatigue lives being the variable. A 50% certainty of survival curve is
created with a standard error =0.1189 and R* value = 0.9312. There is excellent correlation in
the data from the regression analysis. It is assumed that Weld-fatigue S-N curves generally
have a slope of m = 3, where m is the inverse slope of the log S (or log Load) against log N
curve. The test results for the tensile load tee joint have an inverse gradient = 3.06. This is

consistent with data reported in the literature.

More coupon samples were available for testing, but the decision was taken not to run any
further tests on the single-sided fillet weld tee joint. The seven tests clearly defined the S-N
curve adequately and reflecting on the loads used, any further test would be at a very low
load and possibly result in a run out. Therefore, it would not produce a significant data point

or further distinguish the S-N curve.

All of the test failures occurred through the throat of the fillet weld seam. The crack initiated
at the base of the weld where the two plates meet. With only a single-sided fillet weld, only a
low level of penetration is achieved. The fit-up gap between the two plates creates a severe

stress concentration and crack-like feature, where the failure originated. Figure 64.
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Figure 64: Tee joint coupon - crack initiation location at weld throat

The fracture surfaces of the coupons demonstrate characteristics of a typical fatigue failure,

shown in Figure 65.

Figure 65: Tensile load tee joint fracture surface

The darker shaded areas at location A and all along the base of the fracture area show the
crack initiation sites. At B the lighter burnished marks demonstrate the typical beach mark
effects of fatigue crack growth. Finally at location C the coarse fast fracture area is visible
where the remaining surface area is no longer able to support the load and fails. Of the
discarded coupons, the base and the upright were separated to look for fatigue crack initiation
and crack growth. It is clear from the image in Figure 66 that crack initiation occurred at
point A and all along the base of the weld throat. At B stage 2 crack growth has occurred. At
C the coarse fracture surface is where the upright was separated from the base after the

fatigue test was stopped.
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Figure 66: Un-failed Tee joint coupon - upright removed and crack initiation is visible

It is possible that the results of the coupon tests are slightly conservative as of the two
coupons used in a test, only the first to fail was recorded and the second coupon was
discarded. It is clear that crack initiation and propagation occurred on the un-failed coupon.
The crack propagation stage can proceed quickly and account for only a small part of the
fatigue life. Once the crack does propagate, the remaining fatigue life is associated with an

insignificant number of cycles. Hence the test data are not wildly conservative.

The single-side fillet weld represents a high percentage of the total welds in yellow goods
structural components. The predominant failure mode of this weld is a crack initiating at the
weld toe, not the throat as is the case is these teejoint tests. Considering the test data in terms
of load range against cycles to failure, the fatigue strength for the net cross-section of the
coupon is poor. Where the failure occurs through the throat, despite a low load range, there is
a high stress range and bending moment acting about the weld seam. The back-to-back
configuration of single side welded coupons creates an offset in the load path. Figure 67. In a
welded structure, a similar joint configuration would have the longer-range material
restraining the base of the tee joint and preventing the bending moment. The load path in a
larger structure would transmit further into the structure, unlike the tee-joint coupon, where

the load is driven directly underneath to the adjoining coupon.
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Tensile load teejoint
test setup

Tensile load teejoint centre
line and load offset
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configuration

Figure 67: Tee joint test configuration- Low load but high stress range

It is generally assumed that residual stress levels in welded components are approximately
equal to the yield strength of the material. The issue of whether or not welded coupons
contain residual stresses of that magnitude has been discussed earlier in the literature review.
During the project, the opportunity arose to measure the residual stress levels in the tee joint

coupon. Three samples were selected and the X-ray diffraction technique was applied to

obtain residual stress levels.

Residual Stress Measurements

Measurements taken

50mm from the weld
toe

Measurement position from weld (mm)

Figure 68: Tee joint residual stress measurements using X-Ray diffraction

Figure 68 shows the residual stress measurement in the MPa on the y-axis, against the
distance away from the weld toe (mm) on the x-axis. It suggests the residual stresses are

significantly below the material yield point of ~400MPa. This is likely to be due to the
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medium-range residual stresses released when the coupons are cut to 100mm widths. The
three samples generally follow the same pattern of residual stress measurements, although
there is still some scatter between the three coupons. It is significant to note the levels of

residual stresses in the coupons as this can affect the fatigue life.

4.1.2 Non-load-bearing cover plate

The non-load-bearing cover plate was tested as depicted in experimental methods in chapter
3.1.5. Electrical resistance strain gauges were placed on the weld side of each coupon at
15mm and 100mm away from the weld toe. During the test set-up, micro-strain
measurements were taken to record the pre-load effects of the hydraulic grips actuation (no
tensile force applied). The strain gauges were calibrated and balanced to zero and then a
tensile load applied. The micro-strain values were correlated with the applied load. The strain
gauge data at 15mm away from the weld toe during clamp-up of the test grips and on

applying tensile load are given in Figure 69.

Applied Measured Stress Microstraiu
load Micro Straiu Force / area Stress / £

Run kN pe MPa pe
clamp grips 0 435 0 0
balauce gauges 0 0 0 0
1 66.8 545 84 407

2 167.2 1330 209 1020

Young's Modulus £ = 205000MPa £ = Stress / strain Area = 800mnf

Figure 69: Non-load-bearing cover plate micro-strain readings - 15mm away from weld toe

In total, twenty-one fatigue tests were completed for the non-load-bearing cover plate
coupon. Of the tests completed, 16 were run in the as-welded state at load ranges between
50kN-225kN all at a ratio R=0.1. There were 15 full separation failures and 1 run out. A
further 3 were completed in the as-welded state at load ranges between 60kN-100kN at a
higher mean load ratio R=0.5, with all tests running to full separation failures, Figure 70. A
further two test coupons underwent post-weld heat treatment and were placed in the stress
relieving oven. The samples were taken to a critical temperature in order for the internal
residual stresses to redistribute and were left to cool to room temperature. The 2 stress-
relieved samples were run at 99kN and 157.5kN load ranges with a ratio R=0.1. Both tests

terminated with complete separation.
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Figure 70: Non-load-bearing cover plate original test piece (top) and weld toe failure (bottom)

A test running frequency between 6 Hertz and 12 Hertz was achieved without compromising
the following error of the load feedback signal. All of the tests were conducted in an ambient
air environment. A fatigue life failure was recorded when complete separation of the test
coupon occurred as in Figure 70. The stiffness parameter k was determined for the test
coupon by dividing the peak load by the peak displacement (kN/mm). The stiffness reduction
of sample 11 is plotted against the number of cycles (k against Nf), in Figure 71. The fatigue
life at 3% stiffness drop was determined from the original stabilised k value. The 3% stiffness

drop fatigue lives were then used for further analysis in this work.

Non-load bearing cover plate-Sample 11 Stiffness reduction (k vs. Nf) 38,0915 cycles A225kN
1400

*_m ——

£ 1000 ;; S

z

7t so0 N

? 6.00

2.00

(o] JooD 100D 1500 200 200 3000 jci110) 4000
Cycles Nf

Figure 71: Stiffness (k) reduction curve for Non-load-bearing cover plate sample 11
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The 3% stiffness reduction fatigue lives are plotted on a log-log scale as Load range against
Cycles (AKN against Nf) curve in Figure 72. A statistical analysis was completed using a log-
linear regression analysis on the y-axis (Nt) of the fatigue data, the fatigue lives being the
variable. A 50% certainty of survival curve is created and an R2 value = 0.9812. This is

excellent correlation of the data.

Test sample 10 completed 10 million cycles without failing or any indication of a visible
crack. The test coupon was removed and was regarded as a 'run out' where failure did not
occur. This is highlighted conventionally in the fatigue curve as a slanting black arrow next to

the data point.

Non-load bearing Cover plate coupon Load range vs Cycles to failure (Log-Log scale)

1000 r
¢ R=01

A R=0.5
m R=0 1 Stress relieved

50°0 Certainty of survival

c 100

Ao = 5831 37Nf0J,:w
R:=0 9804
SE = 00787

1E704 1E705 1E-06 1E+07
Cycles to failure Nf

Figure 72: Non-load-bearing cover plate fatigue data- Load range against cycles to failure (Log AkN

against Log Nf)

The remainder of the test failures occurred through the weld toe. Fatigue cracks initiated at
the stress concentrations and notch effects caused by the welding process. Crack initiation
could be seen across the width of the coupon (except at the edges where the weld details were

ground flush to prevent premature failures from higher stresses due to an edge effect).

79



Figure 73: Non-load-bearing cover plate coupon fracture surface

The fracture surface of cover plate test piece 15 is shown in Figure 73. The small dark shaded
lines at the top of the fracture surface demonstrate fatigue crack initiation from the weld toe,
across the width of the coupon. A smooth burnished appearance is visible on the fracture
surface, from the weld toe down through half the thickness of the plate, demonstrating fatigue
crack growth. A coarse and much rougher surface is visible on the lower half of the fracture
area where final separation has occurred due to insufficient cross-sectional area to support the

test load.

Two tests were completed at a high mean load ratio of R=0.5 to further investigate the effects
of residual stresses in small welded coupons. It has been discussed previously that some
believe small welded coupons do not contain sufficient welded residual stresses to accurately
represent the weld fatigue behaviour of full size structures. Welded components with residual
stresses will show no fatigue strength dependency on the load or stress ratio R used. In the
load-life curve in Figure 72 it is apparent the tests completed at R=0.5 produce a fatigue
strength with a similar performance and curve fit to the tests completed at R=0.1. This
suggests sufficient residual stresses are contained within the 100mm wide test coupons. Tests
were also completed on stress-relieved coupons, but it has been shown in research that this
post-weld heat treatment is only beneficial for compressive or fully reversed loading ratios

[42].

4.1.3 Load-bearing lap joint

Fourteen load-bearing lap joint fatigue tests were completed as defined in experimental
methods in chapter 3.1.6. Electrical resistance strain gauges were placed on the weld side of
each coupon at 15mm and 35mm away from the weld toe. During the test set-up, micro-strain

measurements were taken and recorded against a set static tensile load applied via the
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hydraulic servo-controiler. The strain gauge data at 15mm and 35mm away from the weld toe

for a corresponding tensile load applied are given in Figure 74.

Applied Measured Micro Strain

load 15mm 35mm

Run kN pe NE
1 66.S 1315 1315
176.2 2558 2558

2 66.8 1200 1200
140 2342 2342

3 66.S 1195 1195
140 2325 2325

Figure 74: Measured miero-strain values for Load-bearing lap-joint

11 samples were tested and fully separated in the as-welded state at load ranges between
45kN-135kN and a load ratio R=0.1, Figure 75. An additional sample was tested (as-welded)
at a load range of 50kN and a higher mean load ratio R=0.5. This test failed at full separation.
2 test coupons were placed in the stress-relieving oven for post-weld heat treatment. The
samples were left to cool to room temperature. The 2 stress-relieved samples were run at
50kN and 90kN load ranges and a ratio R=0.1 with both tests terminating in complete

separation.

Figure 75: Load-bearing lap joint coupon - original test piece (left) and weld toe failure (right)

A test frequency between 4 Hertz and 8 Hertz was achieved without compromising the

following error of the load feedback signal. All of the tests were conducted in an ambient air
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environment. A fatigue life failure was recorded when complete separation of the test coupon
occurred as shown in Figure 75. The stiffness parameter k was determined for the test coupon
by dividing the peak load by the peak displacement (KN/min). The stiffness is plotted against

the number of cycles (k against Nf) for sample 11 in Figure 76.

Load bearing lap joint - Sample 11 Stiffness reduction (k vs. Nf) 50,309 cycles A99kN

5s 3

10000 20000 30000 40000 50000
Cycles N f

Figure 76: Stiffness (k) reduction curve for Load-bearing lap joint sample 11

The 3% stiffness drop fatigue lives were then used for further analysis in this work. The 3%

stiffness reduction fatigue lives are plotted on a log-log scale as Load range against Cycles to

failure (AkN against. Nf) curve. Figure 77.

Load bearing lap Coupon - Load range vs Cydes to failure (Log-Log scale)

1000 x
+ load bearing lap AW R=0 1
A load lap stress relieved R=0 1
n load lap AW R=0 5
— S0°0 certainty of survival

Ao =2818 082N 3100
R:=0992
SE = 0.0787

1E+04 1E'0%5 1E-06 1E-0?
Cycles to failure Nf

Figure 77: Load-bearing lap joint fatigue data-Load range against cycles to failure (LogAkN against Log

Nf)
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A statistical analysis was completed using a log-linear regression analysis on the y-axis (Nf)
of the fatigue data, the fatigue lives being the variable. A 50% certainty of survival curve is

created with a determined R2value = 0.992. This is excellent correlation of the data .

The failure mode of the lap joint welds occurred from the weld toe. Fatigue cracks initiated
typically at the stress concentrations and notch effects caused by the welding process. Crack
initiation could be seen across the width of the coupon, Figure 78. The small dark shaded
vertical lines at the top of the fracture surface demonstrate fatigue crack initiation from the
weld toe. Typical beach marks on the fracture surface represent the fatigue crack growth from
the weld toe down through the thickness of the plate. The coarse fast fracture area is visible

where the remaining surface area is no longer able to support the load and fails.

Figure 78: Load-bearing lap-joint coupon fracture surface

Ofthe two weld runs on a lapjoint coupon, fatigue crack propagation was also present on the

opposing weld run that did not fully fracture and separate, Figure 79.

Figure 79: Load-bearing lap joint coupon sample 2 - weld toe failure (left) and underneath, opposite weld

run with significant crack propagation (right)
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Sample 7 was completed at a high mean load ratio of R=0.5 to further investigate the effects
of residual stresses in small welded coupons. A coupon with insufficient residual stresses
would produce a shorter fatigue life when tested at a higher mean stress ratio compared with
the life of a sample with load ratio of R=0.1. The load-life curve in Figure 77 compares the
R=0.5 test with samples 10 and 14 tested at R=0.1. At the same load range there is little
scatter to distinguish between the three measurements. This again suggests there are

sufficient residual stresses contained within the 100mm wide test coupons.

4.1.4 Non-load-bearing transverse attachment

An initial batch of non-load-bearing transverse attachment samples was manufactured to the
drawing shown in Figure 80. The welding detail consists of a single-sided non-load-carrying
attachment, with a single weld run. Similar welding detail is commonly found in welded
structures where access is only possible to one side of the welded section and a weld toe

failure is the predominant failure mode.
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Figure 80: Non-load-bearing transverse attachment drawing

Seven coupon tests were completed using a twin column loading tower. The failure mode

occurred from the root of the weld and propagated into the main plate, Figure 81.
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Figure 81: Non-load-bearing transverse attachment - batch 1 root failure mode

Upon inspection of the fatigue fracture surface and polishing of the cross-section of the weld
profile, it was evident that there was excessive sulphur segregation in the parent material
plate in four of the seven coupons tested. Figure 83. Plotting the fatigue test results on a log-
log scale. Load range against Cycles to failure (AKN against » ), Figure 82, suggests the
sulphur segregation can potentially have an effect on the two lower load ranges tested
(1 12.5kN and 90kN). However, the difference is still within a reasonable range of scatter as

expected in fatigue lives.

Non-load bearing transverse attachment - Load range vs Cycles to failure (Log-Log scale) All data
Root and Toe failures

1000 <
= A Transverse attachment - single run (root failure) sulphui
N segregation present
T ¢ Transverse attachment - single run (root failure) no
5‘ visible sulphur scgre; ation
z T
<1
o
A .
100 A <
o
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Cycles to failure N<
Figure 82: Non-load-bearing transverse attachment (Batch 1) fatigue data- Load range against cycles to

failure (Log AkN against Log Nf)

The three data points (two with visible sulphur segregation, one without) at the higher load

range all fail at 3x10" cycles. At the 135kN load range, presence of sulphur segregation
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clearly has no effect on the fatigue strength. This leaves uncertainty as to whether sulphur
segregation affects the fatigue performance or whether the scatter is due to discontinuities
and impurities at the root crack initiation site. Despite the weld detail representing a
commonly found joint configuration, the root failure mode observed is a rare occurrence. The
failure mode can sometimes take place from welding details such as load-bearing lap joints or
puddle welds where a hole or gap in a cover plate attachment is filled with weld metal.
Ultimately the root failure is not the intended weld toe crack initiation site. For this reason,

additional weld fatigue samples were manufactured and tested.

Figure 83: Non-load-bearing transverse attachment Root failure fracture surface - a) Sample 3 with

sulphur segregation and b) Sample 5 without

The next batch of non-load-bearing transverse attachment coupons consisted of 12 samples,
eight of which had a double sided attachment and the remaining four a single-sided
attachment. The double-sided coupons were welded with four weld passes, and the single-

side coupon with two weld passes. Each attachment consisting of two weld runs, Figure 84.

86



Figure 84: Double (left) and-single (right) welded attachments

Electrical resistance strain gauges were placed on the weld side of each coupon at 15mm and
35mm away from the weld toe. During the test set-up. micro-strain measurements were taken
to record the pre-load effects of the hydraulic grip actuation (no tensile force applied). The
strain gauges were calibrated and balanced to zero and then a tensile load applied. The strain
gauge data at 15mm and 35mm away from the weld toe for a corresponding tensile load

applied are given in Figure 85.

Measured Micro Straiu Measured Micro Strain
Applied Double sided coupou Single sided coupou Stress Microstrain
load 15mm 35mm 15mm 35mm Force area Stress | E

k\ Jg pc tic MPa i'e

Grips clamped up 0 10 18 145 208 0 0
1 25 164 159 3 152
2 50 327 316 503 425 63 305
3 70.88 459 445 697 589 89 432
4 100 644 625 875.5 811 125 610
5 150 974 943 1362 1169 188 915
6 177.2 1150 114 1502 1304 222 1080
Young's Modulus E = 205000MPa E = Stress ! strain Area = 800mm*

Figure 85: Measured micro-strain values and calculated micro-strain for double and single non-load-

bearing attachment
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From previous tests of other coupon geometries it was apparent that stress relieving and high
mean test ratios had no effect on the fatigue performance and sufficient residual stresses are
contained in the welded coupons. Based on this, all twelve non-load-bearing transverse
attachment samples were tested in the as-welded state. The tests were completed at load
ranges between 90kN and 225kN at a load ratio R=0.1 All twelve samples tested failed at full

separation, Figure 86.

Figure 86: Non-load-bearing transverse attachment weld toe failures -Double (left) and single (right)

A test running frequency between 4 Hertz and 8 Hertz was achieved without compromising
the following error of the load feedback signal. All of the tests were conducted in an ambient
air environment. A fatigue life failure was recorded when complete separation of the test
coupon occurred. The stiffness parameter k was determined for the test coupon by dividing
the peak load by the peak displacement (kKN/mm). The stiffness is plotted against the number

ofcycles (k against Nf) for the double-sided sample 2 in Figure 87.
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Non-load bearing cruciform - Sample 2D Stiffness reduction (k vs. Nf) 190,944 cycles A225kN

0 H 4 4 4 4 4 1

- o e 1

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
Cycles Nf

Figure 87: Stiffness (k) reduction curve for INon-load-bearing transverse attachment- double-sided

sample 2

The 3% stiffness reduction fatigue lives are plotted on a log-log scale as Load range against
Cycles to failure (AkN against Nr) curve. A statistical analysis was completed using a log-
linear regression analysis on the y-axis (Nr) of the fatigue data, the fatigue lives being the
variable and a 50% certainty of survival curve created. The fatigue data curves have been
analysed for a number of different scenarios. Firstly, all of the fatigue tests (root failure

coupons, single-sided and double-sided coupons) are considered as one data set, Figure 88.
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Non-load bearing transverse attachment - Load range vs Cycles to failure (Log-Log scale) All data
Root and Toe failures
A transverse attachment - single run (root)
m transverse attachment - single side (toe)
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Figure 88: Non-load-bearing transverse attachment- All fatigue data- Load range against cycles to failure

(Log AKN against Log Nf)

Next the fatigue lives are plotted on a log-log scale as Load range against Cycles to failure
(AkN against Nt) curve using only the weld toes failures (not including the initial batch of

root failures) single and double-sided coupons shown below in Figure 89.

Non-load bearing transverse attachment - Load range vs Cycles to failure (Log-Log scale)

1000 t
m transverse attachment - single side

A transverse attachment - double side

— 50% Certainty of survival

Ao =9820 539Nf*°}::i
R; =0 637
SE = 0 2297

1E+04 I.E+05 IE-06 1E+07
Cycles to failure Nf

Figure 89: Non-load-bearing transverse attachment- Double and single-sided coupons Weld toe failures-

Load range against cycles to failure (Log AkN against Log Nf)
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The non-ioad-bearing transverse attachment weld toe failures have been analysed separately
based on the joint configuration, single-sided and double-sided weld attachments, Figure 90
and Figure 91 respectively. Completing individual statistical analyses on the single- and
double-sided coupons indicates there is a difference in fatigue strength depending on the joint
geometry and improved fitted curve despite the similar welding detail and same failure mode.
Compared with the original R2=0.637, Figure 89, the R2 values increased to 0.9031 for the
single-sided and 0.828 for the double-sided coupon. There is a lower fatigue strength for the

single-sided coupon.

The single-sided coupon contains an un-symmetrical weld detail (weld runs on only one side
of the coupon creating a distorted test piece). This potentially creates two detrimental effects
on the fatigue performance. Firstly, a mean stress shift is likely to be introduced into the
coupon on clamping the test grips with the micro-strain recordings in Figure 85 supporting
this. Ffowever, the effects can be considered negligible as the results of tests for previous
coupons at different mean stress ratios show there is no effect on the fatigue strength, Figure
72, suggesting there are sufficient residual stresses contained in the small-scale welded
coupons. Secondly and most likely, the distorted coupon creates an eccentric loading path to
the tensile load applied in the loading frame. Upon deformation the coupon tries to achieve
concentricity while inducing a bending moment around the weld toe, and ultimately a

moment reducing the fatigue strength of the coupon.

Non-load bearing transverse attachment (Single side)-Load range vs Cycles to failure (Log-Log )

1000 r
m transverse attachetnent - single side
— 50°« Certainty of survival
100

* 3130 316N(° xI<:

R:=09031

SE =01197

IE +04 ILE+05 IE-06 1E+07

Cycles to failure Nf
Figure 90: Non-load-bearing transverse attachment- Single-sided coupon- Load range against cycles to

failure (Log AkN against Log Nf)
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Non-load bearing transverse attachment (Double side)- Load range vs. Cycles to failure (Log-Log scale)

1000 r
A transverse attachment - double sided
— 50% Certainty of survival

& 100 ::
Ao = 5403 961NV 0:<S3
R* =0 828
SE = 0 1847
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Figure 91: Non-load-bearing transverse attachment- Double-sided coupon- Load range against cycles to

failure (Log AkN against Log Nf)

The difference in fatigue strength between a double- and single-sided welded coupon, despite
having similar welding detail and failure modes, should be considered and analysed

separately.

The final fracture surfaces of the single- and double-sided coupons NLT1S and NLT8D are
shown in Figure 92. Both coupons demonstrate typical fatigue crack initiation and
propagation characteristics on the fracture surface. Crack initiation occurred across the width

ofthe coupon except at the plate edge where the weld detail had been removed.

Figure 92: Non-load-bearing transverse attachment fracture surfaces - single (left) and double-sided

(right)
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4.1.5 Load carrying cruciform joint

Two sets of load-bearing cruciform joints were manufactured. The initial set consisted of 8
samples with an 8mm weld leg length. Figure 93. Six samples were manufactured in the

second batch with a weld leg length of 10mm.

Figure 93: Load-bearing cruciform coupon - 8mm weld leg length sample
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Electrical resistance strain gauges were placed on the weld side of each coupon at 15mm and
35mm away from the weld toe. During the test set-up. micro-strain measurements were taken
and recorded against a set static tensile load applied via the hydraulic servo-controller. The
strain gauge data at 15mm and 35mm away from the weld toe for a corresponding tensile

load applied are given in Figure 94.

Measured Micro Strain Measured Micro Strain
Applied 8mm weld leg 10mm weld leg Stress Microstrain
load 15mm 35mm 15mm 35mm Force area Stress | E
kN ME ME ME ME MPa I~
Grips clamped up 0 8 12 6 5 0 0
Gauges zeroed
1 50 286 296 313 313 63 305
2 66.8 380 392 420 419 84 407
3 100 574 593 623 624 125 610
4 150 863 891 924 927 188 915
5 167.2 963 995 1025 1028 209 1020
6 200 1151 1189 1225 1229 250 1220
Young's Modulus E = 205000MPa E = stress strain Area = 800mm'

Figure 94: Measured micro-strain and calculated micro-strain values for 8mm and 10mm weld leg load-

bearing cruciform

The 8 samples with an 8mm leg length were tested in the as-welded state at load ranges
between 90kN-225kN and a load ratio R=0.1, all tests terminating at full separation, Figure
95. Of the eight samples tested, seven had a failure mode through the weld throat. The

remaining sample failed at the weld toe.

Figure 95: Load-bearing cruciform joint 8mm leg failure modes - toe failure (left) and throat failure

(right)

The 6 samples with 10mm leg length were tested in the as-welded state at load ranges

between 90kN-225kN and a load ratio R=0.1, all tests terminating at full separation, Figure
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96. Of the six samples tested, four had a failure mode through the weld throat. The two

remaining samples failed at the weld toe.

Figure 96: Load-bearing cruciform joint 10mm leg failure modes - toe failure (left) and throat failure

(right)

A test running frequency between 4 Hertz and 6 Hertz was achieved without compromising
the following error of the load feedback signal. All of the tests were conducted in an ambient
air environment. A fatigue life failure was recorded when complete separation of the test
coupon occurred as shown in Figure 96. The stiffness parameter k was determined for the test
coupon by dividing the peak load by the peak displacement (kKN/mm). The stiffness is plotted
against the number of cycles (k against Nt) for the 8mm leg length coupons sample 5 (throat

failure) and 6 (toe failure) in Figure 97 and Figure 98 respectively.

Load bearing cruciform 8mm-Sample 5 Stiffness reduction (kvs.Nf) 148.097 cycles A180kN

20 1

0 20000 40000 60000 80000 100000 120000 140000 160000

Cycles Nf

Figure 97: Stiffness (k) reduction curve for Load-bearing cruciform 8mm leg length sample 5
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Load bearing cruciform 8mm - Sample 6 Stiffness reduction (k vs. Nf) 133,213 cyclesA180kN

20

15

0 20000 40000 60000 80000 100000 120000 140000

Cycles Nf

Figure 98: Stiffness (k) reduction curve for Load-bearing cruciform 8inni leg length sample 6

The stiffness is also plotted for the 10mm weld leg length coupon sample 6 in Figure 99. The
3% stiffness drop fatigue lives were derived and then used for further analysis in this work.
The 3% stiffness reduction fatigue lives are plotted on a log-iog scale as a Load range against
Cycles to failure (AkN against Nf) curve for both the 8mm and 10mm weld leg length

coupons, Figure 100.

Load bearing cruciform 10mm-Sample6 Stiffness reduction (k vs. Nf) 133,050cycles A225kN

20000 40000 60000 80000 100000 120000 140000
Cycles Nf

Figure 99: Stiffness (k) reduction curve for Load-bearing cruciform 10mm leg length sample 6
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Load bearing Cruciform joint - Load range vs Cycles to failure (Log-Log scale) All data
1000 r
¢ Cruciform 8nun - throat
A Cruciform Smm - toe
¢ Cruciform 10mni « throat
A Cruciform 10mm - toe

— 50#oCertainty of survival

100

Ao0*6305 39N, ° :9°
R*=0 8514
SE = 0 2214

Cycles to failure N,
Figure 100: Load-bearing cruciform 8mm and 10mm weld leg - Load range against cycles to failure (Log

AkN against Log Nf)

The Load range against Cycles to failure (AkN against Nf) curves have also been represented
whilst considering the 8mm and 10mm weld leg length coupons separately. These are shown
in Figure 101 and Figure 102 respectively. Considering the cruciform fatigue data under
separate conditions will show any dependency of fatigue strength on the basis of weld
configuration. A statistical analysis was completed using a log-linear regression analysis on
the x-axis (Nf) of the fatigue data for each condition. Considering all of the fatigue tests as
one data set the determined R2 value = 0.851 with a standard error = 0.221. A statistical
analysis on the 8mm and 10mm leg length coupons calculates a R value = 0.895 and 0.977
respectively. It is evident that the strength of association in the regression model is improved
for both data sets from the original R2value = 0.851. The standard error is also improved for

0.221 originally to 0.2 for the 8mm coupon data and 0.09 for the 10mm data.
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Load bearing Cruciform joint 8mm fillet weld - Load range vs Cycles to failure (Log-Log scale)

1000 r
4 Cruciform 8mm weld leg - throat failure
A Cruciform Smm weld leg - toe failure
— 50°oCertainty of survival
100

Ao = 5119 29Nf°*m
R: =0 895
SE = 0 2041

1E+07
Cycles to failure Nf

Figure 101: Load-bearing cruciform 8mm weld leg - Load range against cycles to failure (Log AkN

against Log Np

Load bearing Cruciform joint 10mm fillet weld-Load range vs Cycles to failure (Log-Log scale)

1000 r
¢ Cruciform 10mm weld ieg - throat failure
A Cruciform 10mm weld leg - toe failure
50° oCertainty of survival
=P 100
Ao =5709.7161N,-°21
RJ=0.978
SE = 00914
1 E+04 1E+05 1E+06 1E+07

Cycles to failure Nf
Figure 102: Load-bearing cruciform 10mm weld leg - Load range against cycles to failure (Log AkN

against Log Nf)

Analysing the fatigue data under separate conditions suggests the 8mm leg length coupons
have a reduction in fatigue life compared to the 10mm leg length coupons. This is expected
since the fatigue life will be influenced by the throat area and ultimately is a function of the

weld leg length. For the same load range applied, the fatigue life of the larger weld area will
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be longer as the crack propagation will take longer to final fracture. The fatigue curves would
have a slightly different distribution if considering a nominal stress range against cycles to
failure. For the same load range applied, a reduced throat fracture surface area would result in

a higher stress.

The crack initiation occurred at the throat of the weld penetration where the load carrying
plate met the base plate. Initiation could be seen across the width of the coupon throat base.
The crack propagated out through the weld throat on both weld runs on either side of the load
carrying plate. The crack plane of the weld was approximately 18 degrees from the horizontal
base. The final fracture surfaces of the 8mm cruciform samples 1and 2 are shown below in
Figure 103. A significant difference can be seen in weld penetration achieved between the

two samples in Figure 103(a) and (b).

a) Cruciform 1.1 b) Cruciform 1.2

Figure 103: Load-bearing cruciform 8mm weld leg throat failure- weld penetration of sample 1.1 (left)

against sample 1.2 (right)

Figure 104: Load-bearing cruciform 8mm weld leg toe failure- sample 1.6

The 8mm cruciform weld toe failure is shown in Figure 104. Crack initiation locations were
found on the upper weld toe in Figure 104. The crack propagated through the thickness of the
material plate, until the load could not be supported by the remaining coupon area. Final
fracture of the specimen occurred as shown by the coarse fracture surface on the right hand

side of Figure 104.
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Cruciform 2.3 Cruciform 2.4

Figure 105: Load-bearing cruciform 10mm weld leg failure modes- sample 2.3 weld toe (left) and sample

2.4 weld throat (right)

The fatigue fracture surfaces of the 10mm cruciform joint are shown in Figure 105. The weld
toe failure is shown on the left hand side and the weld throat failure on the right. Weld toe
crack initiation occurred on the upper notch. The crack initiated at a number of locations
across the coupon, propagating through the plate material evenly. Typical beach marks and
burnish striations are seen on the final fracture surface. Final fracture of the coupon occurred
on the edges of the plate and is evident through the necking of the material and coarse
fracture area. Crack initiation on the throat failure sample occurred at the base of the weld

penetration and propagated out through the weld at approximately 18 degrees.

4.1.6 Bending load tee joint

The bending load tee joint is a load-bearing fillet weld similar to previous joint
configurations. However an increased bending moment is induced to create an alternative
failure mode. The upright plate is welded to the centre of the 300mm wide base plate with

two 8mm leg length weld runs.

Figure 106: Bending load tee joint testing configuration
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The tee joint upright was placed in a set of hydraulic grips and the base was restrained to an
attachment plate on the actuator ram with two clamp blocks and M16 bolts, Figure 106. A jig
was employed to space the clamp blocks equally 34mm away from the weld toe each side of
the upright plate (100mm block to block). Electrical resistance strain gauges were placed on
the upright and base plate of each coupon at 15mm and 35mm away from the weld toe.
During the test set-up micro-strain measurements were recorded during sample installation
and clamp up and under static tensile load applied via the hydraulic servo-controller. The
strain gauge data at 15mm and 35mm away from the weld toe for a corresponding tensile

load applied are given in Figure 107.

Measured Micro Strain

Applied load Upright Base plate Stress Microstraiu
10mm from toe  10mm from toe Force area Stress / £
Run IdS ME H MPa ME
Clamp up 13 985 - -

1 5 33 58 6 30
2 10 66 116 13 61
3 15 too 174 19 9N
4 20 133 233 25 122
5 25 165 292 3 152
6 30 198 356 38 183
7 35 233 422 4 213
8 40 267 439 50 244
Young's Modulus £ = 205000MPa Area = 800mm*

£ = Stress / strain

Figure 107: Measured micro-strain and calculated micro-strain values for bending load tee joint coupon

12 samples in total were manufactured with an 8mm leg length and tested in the as-welded
state at load ranges between 36kN-72kN and a load ratio R=0.1. Out of the 12 samples, 10
tests terminated at full separation. Figure 106 (left hand side). The failure mode and crack
initiation occurred at the weld toe on the base plate of the samples. Despite a low load range
applied there was obvious panting and gaping between the coupon base plate and the test
fixture. A large bending moment is induced and hence high stresses at the weld toe due to the

test configuration. The remaining two samples were run outs.

A test running frequency around 4 Hertz was achieved without compromising the following
error of the load feedback signal. All of the tests were conducted in an ambient air
environment. A fatigue life failure was recorded when complete separation of the test coupon
occurred as shown in Figure 106. The stiffness parameter k was determined for the test

coupon by dividing the peak load by the peak displacement (kN/mm). Unlike previous



coupon tesis where the stiffness reduction has been relatively small before experiencing full
separation, the tee joints under a bending load display a longer stage of stiffness reduction
and slower crack propagation. The stiffness is plotted against the number of cycles (k against
Nf) for samples 3 and 8 in Figure 108 and Figure 109 respectively. The stiffness reduction for
samples for a 63kN load range and above, exhibit a slow, long and smooth stiffness
reduction. At load ranges below 63kN the stiffness reduction show some temporary crack
arrest and a reduction in the rate of crack propagation as shown in Figure 110 and Figure 111
for tee joint samples 9 and 10.

Bending load teejoint - Sample 3 Stiffness reduction (k vs. Nf) 61,843 cycles A78kN
40 —

to
0 10000 20000 30000 40000 50000 60000 70000
Cycles Nf
Figure 108: Stiffness (k) reduction curve for Bending load tee joint sample 3
Bending load tee joint- Sample 8 Stiffness reduction (k vs. Nf) 41,540 cycles A63kN
40
r 30
o 5000 10000 15000 20000 25000 30000 35000 40000 45000

Cycles Nf

Figure 109: Stiffness (k) reduction curve for Bending load tee joint sample 8
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Bending load tee joint - Sample 9 Stiffness reduction (k vs. Nf) 214,147 cycles A59.4kN

40

0 50000 400000 150000 200000 250000
Cycles Nf

Figure 110: Stiffness (k) reduction curve for Bending load tee joint sample 9

Bending load tee joint - Sample 10 Stiffness reduction (k vs. Nf) 69,430 cycles A59.4kN

0 10000 20000 30000 40000 50000 60000 70000
CyclesNf

Figure 111: Stiffness (k) reduction curve for Bending load tee joint sample 10

The 3% stiffness drop fatigue lives were derived and then used for further analysis in this
work. As the crack propagation in the tee joints is much slower, the 3% stiffness drop failure
criterion has a significant impact on the fatigue life unlike previous stiffer coupon geometries.
The 3% stiffness reduction fatigue lives are plotted on a log-log scale as a Load range against

Cycles to failure (AkN against N{ curve in Figure 112
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Bending ioad Tee-joint fillet weld - Load range vs Cycles to failure (Log-Log scale)

1000 ¢
* tee bend -R=0.1
50% Certainty of survival
S 100
Ao =222.21IN,0111'4
R:=0 535
SE- 0 4038
1E+04 ILE+05 ILE+06 1E-K)7

Cycles to failure Nf

Figure 112: Bending load tee joint coupons - Load range against cycles to failure (Log AkN against Log

Nf)

A statistical analysis was completed using a log-linear regression analysis on the y-axis (Nf)
of the fatigue data, the fatigue lives being the variable. A 50% certainty of survival curve is
created and a determined R~ value = 0.535. The linear association of the regression model is
reasonable. As the test configuration used a clamping fixture there are more potential sources
of error and reasons for an increase in scatter in the fatigue data. The gradient of the curve is
also noticeably different from that of previous coupon test data and the generally assumed 1

in 3 slope for weld fatigue data.

Considering the two test results samples 9 and 10 at the 59.4kN load range, there is a factor
of 3 difference in fatigue strength. The stiffness drop behaviour exhibits similar
characteristics and k reduction rates between the two samples. Using the measured 3%
reduction failure criteria compared with the original full-separation recorded lives, the
reduction in fatigue life is 88% and 83% respectively, compared with the average 85% of the
original recorded values. The fracture surfaces also demonstrate similar characteristics and

the final fracture surface areas are comparable, Figure 113 and Figure 114.
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Figure 113: Bending load tee joint fracture surfaces 59.4kN load range- sample 9 (left) and sample 10

(right)

Figure 114: Bending load tee joint fracture surfaces 63kN load range- sample 6 (left) and sample 8 (right)

When comparing the samples 6 and 8 tested at 63kN loads, there is a significant factor of -12
difference of fatigue strength between the two measurements. The stiffness drop behaviour of

sample 6, Figure 115, exhibits an uncharacteristic phenomenon where the displacement

feedback decreases dramatically causing the stiffness to increase.
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Bending load tee joint - Sample 6 Stiffness reduction (k vs. Nf) 535,189 cycles A63kN

0 <00000 200000 000 400000 anm 600000

Cycles Nf

Figure 115: Stiffness (k) reduction curve for Bending load tee-joint sample 6

This is only seen in the one sample and is not consistent with sample 8, Figure 109, for the
same load range. Using the measured 3% reduction failure criteria compared with the original
full-separation recorded lives, the reduction in fatigue strength is 92% and 84% respectively
(of the original measured life), compared with the average 85%. The fracture surfaces
demonstrate dissimilar characteristics, particularly the final fracture surface areas as
compared in Figure 116. The final fracture area of sample 6 was considerably smaller at
approximately 0.5mm depth compared with sample 8 which had a depth of 1mm. Sample 6
also displays much smoother cracks from the base of the coupon, unlike sample 8 where the
appearance is a significantly more jagged edge suggesting a difference in force was used to
cause the final separation. It is evident that there is a difference in the behaviour of the
samples despite being tested at the same load range. It is possible that one of the samples is a
rogue result due to the increased potential causes of variability from the test Fixture
arrangement, as well as the standard sources from differences in the servo-hydraulic
controller, test piece material and manufacturing issues. It might also be feasible to suggest
that a change of load path or stress distribution occurred. Due to the clamping arrangement of
the double fillet weld base plate, the crack propagation may only have penetrated part way
through one side of the material thickness. Then, a change in load distribution to the other
fillet weld took place. Further to this, it would also be plausible to suggest interference from
an unknown source. This might include interference from an unauthorised operator in the

vicinity of the test frame and controller or even a blackout of power supply. However, the



fact that the increase in stiffness is not instantaneous, and increase happens over

approximately 25,000 cycles, would suggest this is unlikely.

Figure 116: Bending load tee joint fracture surfaces comparison 63kN load range- sample 8 (left) and

sample 6 (right)

The uncharacteristic failure aspects of test sample 6 would suggest it is an unexplainable data
point and could be excluded from the fatigue curve. Despite this, it would be plausible to
accept the test result and put it down to a factor of variability in the weld fatigue

phenomenon.

4.1.6 Summary - Coupon data generation

A wide range of welded coupon geometries and loading modes have been tested. Failure
modes at the weld toe, weld throat and the weld root have been recorded. The final Load
range against cycles to failure (Log AkKN against Log Nr) fatigue data curves are shown in
Figure 117. It is clear that the fatigue performance is geometry dependent. A range of
different weld curves is not practical for carrying out a finite-element based weld fatigue life
assessment. The coupon geometries show no sensitivity to different load R ratios used,
suggesting sufficient welding-induced residual stresses exist. Hence, the test data has
captured the weld-induced effects seen (and therefore is potentially suitable for the design

stage) in construction and agricultural equipment.
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Welded coupon fatigue data * Load range vs. Cycles to failute (Log-Log scaic)

1000 T

z

<

HP loo

|E -04 I.E-0< IE -06 1.E-0”
0 Cycles to failure Nf

A Tensile lee joini - R=0.1 = Nonload lap - R=0.1
m Nonload lap - R=0.5 m Nonload lap - R=0.1 Stress relieved
4 load bearing lap R=0.1 ¢ load bearing lap R=0.5
¢ Load bearing lap R=0.1 stress relieved ¢ non load tee TNL R=0.1
¢ non load teeTNL R=0.1 Laminated ¢ Non-load tee NLTS-Single R=0.1
o Non-load lee NLTD -Double R=0.1 m Crucifonn Snun weld leg R=0.1
m Crucifonn 10mm Weld leg R-0.1 L Bending load tee-joint R=0.1

Figure 117: Coupon weld fatigue data -Load range against cycles to failure (Log AkN against Log Nf)

The next step is to assess the weld fatigue data using an alternative fatigue damage parameter
as opposed to a nominal stress or load for the reasons above. Before determining the new
damage parameter or even discovering if it exists, we must analyse the above coupon

geometries in a finite-element simulation under an elastic scaling unit load.

108



4.2 Coupon Finite-Element Models

After generating the geometry-dependent weld fatigue data presented in the previous chapter,
the next step in the data generation process is to model the weld fatigue coupon test pieces in
a finite element simulation. Each type of coupon geometry and test configuration will be
represented using adequate boundary conditions in a linear-elastic static solution analysis.
The nodal forces and moments from the solution can then be further used in an attempt to

establish a geometry-independent fatigue damage parameter.

The linear-elastic solution will help minimise the computer and modelling effort required
compared with a more complex non-linear or dynamic analysis. A static unit load is applied

to the coupon and is scalar as the fatigue loading is within the elastic modulus of the material.

4.2.1 Tensile load tee joint

The tee joint coupon is modelled using solid brick and shell plate elements in Figure 118a)
and b) respectively. In order to represent the loading frame test configuration a tensile IkN

unit load is applied at one end of the coupon and fixed degrees of freedom at the other end.

ELEMENTS

Figure 118: Tensile load tee joint FE-model using a) Solid brick and b) shell plate elements
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The tensile tee joints represent the two coupon samples used in the back-to-back test
configuration. The two base plates of the coupons are coupled together to simulate the
bracing used to clamp the coupons together. In Figure 119 a close up of the weld detail is
shown. The coupon upright plate is only connected to the weld metal and not the base plate to

represent the partial penetration weld on the coupon.

Figure 119: Tee joint FE-model weld detail using a) Solid brick (Cross-seetion) and b) shell plate elements

In the models shown above a global element size of 10mm is used. The solid brick elements
have a through thickness size of A t (t= thickness 8mm upright and 12mm for the base plate).
The shell plate elements have a real constant set of 8mm for the upright and 12mm for the
base plate. In Figure 119, a single diagonal shell element is used to represent the weld bead
plate, with a thickness of 8mm. The shell element model is created using automotive model
principles for welded shell element structures. A node is placed on the mid-surface thickness

of the parent material. The node correlates with the location of the weld toe crack plane,

shown in Figure 120.

Figure 120: Shell element modelling technique
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The element sizes and real constant thicknesses are varied and altered in an attempt to
explore the effects on the results of the fatigue damage parameter calculation and whether
any mesh sensitivity exists (i.e. coarse- 20mm global and vz t through thickness element

sizes). This is covered in chapter 4.3.

a) DISPLACEMENT b) DISPLACEMENT
suB =1 SuUB =1
TIME=1 TIME -1
DMX =.003319 DMX -.004927?

Figure 12i: Tee joint FE-model results - displacements a) Solid brick and b) shell plate elements

Due to the potential stress singularity created at a weld toe, we are not concerned with any
kind of FE-calculated stress from the solution output. Instead the deformation of the model is
reviewed to see if the results are representing similar behaviour to that found in the test
coupons. The deformation results are shown in Figure 121 for both the solid and shell
element models. As seen in the test coupon results, an offset fillet weld introduces a bending

moment. The upright plates bend and the base plate swivels around the horizontal centre line.

Despite the same loading and constraint boundary conditions, there is a difference in
maximum displacement between the solid and shell elements. This is expected, due to the
challenge presented when using shell plate elements to accurately represent the weld detail.
The solid brick element can represent the actual physical geometry of the weld detail whereas

the shell plate elements can only calculate a constant uniform theoretical thickness.

4.2.2 Non-load-bearing cover plate

The non-load-bearing cover plate coupon is modelled using solid brick and shell plate

elements in Figure 122 a) and b) respectively. In order to represent the loading frame test



configuration a tensile ikN unit load is applied at one end of the coupon and all degrees of
freedom are fixed at the other end. The coupon is modelled in the as-designed state with no

distortion of the material, i.e. perfectly flat parent material.
ELEMENTS f

b)

Figure 122: Non-load-bearing cover plate FE-model a) Solid brick and b) shell plate elements

Figure 119A close up of the weld detail is shown in Figure 123. The cover plate attachment is

only connected to the weld bead metal and not the load carrying plate parent material.

Figure 123: Cover plate FE-model weld detail using a) Solid brick (Cross-section) and b) shell plate

elements

In the models shown above a global element size of 10mm is used. The solid brick elements

have a through thickness size of 'A ¢ (t= thickness 8mm upright). The shell plate elements of



the parent plate and the weld bead both have a real constant set material thickness of 8mm.
The element sizes and real constant thicknesses are varied and altered in an attempt to
explore the effects on the results of the fatigue damage parameter calculation and whether

any mesh sensitivity exists. This is covered in chapter 4.3.

a) DISPLACEMENT ) DISPLACEMENT
STEP-1 STEEt+ 1
SUB -1 SUB -1
TIME-1 TIME-1
DMX -.003708 DMX «.00372«k

Figure 124: Cover plate FE-model results - displacements a) Solid brick and b) shell plate elements

The displacement results are shown in Figure 124 for both the solid and shell element
models. The solid and shell models under the same loading and constraint boundary
conditions, show a small but negligible difference. A displacement of 0.003708mm and
0.003726mm is recorded for the solid and shell models respectively. The difference is
expected due to theoretical thickness of the shell plate elements and the inability to accurately
represent the weld detail. The difference is very small compared to the previous solid and
shell element models of the tee joint coupon geometry. The effect is less significant for the
cover plate as the weld shell elements are only an attachment and not a load carrying
structural member. This will have less of an influence on the displacement and stiffness ofthe

coupon.

During test set-up of the coupon in the loading frame, distortion of the welded geometry is
evident when the coupon does not fit into the grips centre line. The single-sided weld runs

cause distortion and curvature in the coupon plate. The cross-sectional area of the coupon
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was determined (out of the test frame) using a co-ordinate measurement machine. The co-

ordinates of the area were plotted into the finite-element software and a mesh created.

Figure 125: Cover plate FE-model -distorted geometry and test grips clamp-up

The finite element model in Figure 125 a) and b) represents the actual distortion of the
coupon and fixed displacements and rotations are applied to the coupon ends to simulate the
actuation of the hydraulic grips closing and clamping up. In c) after the solution is run, the
geometry shows some slight distortion and mis-alignment from the centre line load path of
the load-carrying back plate. The geometry is different to the initial cover plate ‘perfect’ as-

designed geometry of the coupon shown in Figure 122.

The actuation of the test grips will cause a mean shift in the stress state of the coupon
inducing residual stresses. This is unlikely to greatly affect the fatigue performance as it is a
common assumption that welded components already containing high residual stresses. The
geometry of the coupon will, however, need to be accurately modelled. The nodal
displacements from the solution in Figure 125 c) are used to create an updated finite element
simulation for the distorted cover plate coupon in-situ in the test configuration. The FE model
is again run with the loading frame test configuration and a tensile IkN unit load. Figure 126

a).
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Figure 126: Non-load-bearing cover plate distorted FE-model

In Figure 126b) the displacement results of the cover plate static tensile unit load are plotted.
Compared w ith the original undistorted coupon displacement results in Figure 124, although
exaggerated, it is clear that the loading path changes due to the distortion in the w/elded
coupon. In the un-distorted coupon, the cover plate attachment is forced into the tensile
loading path. In the distorted coupon, the cover plate attachment is being forced away from
the loading path. It is therefore highlighted how important it is to model the geometry

accurately to that in the physical test.

4.2.3 Load-bearing lap joint

The lap joint coupon solid-brick and shell-plate element models are shown in Figure 127 a)
and b) respectively. The model is created simulating the loading frame test configuration
under a tensile IkN unit load. The coupon is modelled in the as-designed state with no
distortion ofthe material. Due to the symmetrical nature ofthe weld runs, the distortion in the
actual coupon geometry was small and any change in coupon geometry during test set-up are

considered negligible not requiring any further modelling.
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Figure 127: Load-bearing lap joint FE-model a) Solid brick and b) shell plate elements

The displacement results are shown in Figure 128 for both the solid and shell element models
under a unit load. The solid element model has a recorded maximum displacement of
0.009875mm and the shell model 0.009465mm. There is a small difference between the two
types of element model. Due to the offset lap configuration, a high bending moment is

experienced at the weld toe.
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ADISPLACEMENT

b) DISPLACEMENT

STEP” 1 STEP-1
SUB -1 SUB -1
TIME-1 TIME-1
DMX -.009875 DMX -.009465

Figure 128: Load-bearing lap joint FE-model results - displacements a) Solid brick and b) shell plate

elements

4.2.4 Non-load-bearing attachment

The first batch of non-load-bearing attachment coupons made consisted of a transverse plate
welded with a single fillet pass as shown in Figure 81. The resulting failure mode occurred at
the root of the weld and the crack propagated into the parent material. This was not the

intended failure mode and further modified coupons were manufactured.

In an attempt to assess the capabilities and effectiveness of the structural stress approach, the
root failure coupons have been modelled. The non-load-bearing attachment-single weld run
coupon is modelled using solid brick elements. The geometry shown in Figure 129 uses the
dimensions measured from the co-ordinate measurement machine. To determine the actual
coupon geometry in the test configuration an initial FE simulation is run to model and
represent the closing and actuation of the hydraulic grips in the test frame. This is done

through fixed displacements and rotations applied to the coupon grip-to-grip distance.
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Figure 129: Non-load-bearing transverse attachment root failure - test grips clamp-up model

In Figure 128 c) after the solution is run, the geometry shows distortion and mis-alignment
from the centre line load path of the load-carrying back plate. The geometry is therefore
different to the intended perfectly straight coupon due to the heat-up, cooling and contraction
cycle of the fusion welding process. The final nodal displacements shown in Figure 129c) are
used for the means of structural stress calculation and a more accurate representation of the

actual coupon geometry. The updated geometry is used in a unit load FE static analysis with

simulation of the testing frame configuration.



c
STEP-1
SUB -1
TIME-1
DMX -.011242

Figure 130: Non-load-bearing transverse attachment root failure - test frame tensile unit load

The solid brick elements have a global element size of 10mm and a through thickness size of
va t (t= thickness 8mm upright). The displacement results are shown above in Figure 130c).
From this model, forces and moments can be extracted and a structural stress factor per unit

load calculated for the weld root failure, found in Chapter 4.3.

The second batch of non-load carrying transverse attachment coupons manufactured
consisted of a double-sided attachment with four weld runs as shown in Figure 84. The
coupon is modelled using solid and shell elements shown in Figure 131a) and Figure 132a)

respectively.
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Figure 131: Double-sided non-load-bearing attachment- Solid brick elements

The loading frame test configuration was simulated with atensile IkN unit load applied. The
coupon is modelled in the as-designed state with no distortion of the material. Due to the
symmetrical nature of the weld runs, the distortion in the actual coupon geometry was small
and any changes in coupon geometry during test set-up are considered negligible not

requiring any further modelling.
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Figure 132: Double-sided non-load-bearing attachment - Shell plate elements

The displacement results are shown in Figure 131c) and Figure 132c) for both the solid and
shell element models. There is a small difference in displacement between the solid and shell
element results. The weld attachment will have only a small influence on the deformation. In
the tensile load tee joint, the load is fully carried through the weld and a clear difference
exists between the shell and solid element results. Unlike the difference here, where it is

negligible.

The non-load-bearing transverse attachment single-sided coupon is modelled using solid
brick and shell plate elements in Figure 133 a) and Figure 134 a) respectively. The boundary
conditions replicate the conditions seen in the test coupon with a tensile |IkN unit load
applied. The coupon is modelled in the as-designed state with no distortion of the material

due to the heat and cooling of the weld cycle.
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Figure 133: Single-sided non-load-bearing attachment- Solid brick elements

A close up of the weld detail is shown in Figure 133 b) and Figure 134 b). The solid elements
fully represent the weld geometry, with some defeaturing of the weld bead and penetration.

The shell element model only simulates the mid-plane material geometry with a theoretical

thickness.
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Figure 134: Single-sided non-load-bearing attachment- Shell plate elements

The displacement results are shown in Figure 133 c) and Figure 134c) for both the solid and
shell element models. The load carrying upright plate deforms away from the attachment, as
the weld is forced into the tensile load path. The load carrying plate becomes a curved,
concave shape. The same loading and constraint boundary conditions are used but there is a
small difference between the solid and shell elements, with displacements of 0.002587mm
and 0.002568mm respectively. This is again caused by differences in the modelling
techniques of solid and shell elements. The theoretical thickness of the shell plate element has

limitations in accurately representing the weld detail.

During test set-up of the coupon in the loading frame, distortion of the welded geometry is
obvious when the coupon does not fit into the grips centre line. The single-sided weld runs
cause distortion and curvature in the coupon plate. The cross-sectional area of the coupon
was determined using a co-ordinate measurement machine. The co-ordinates of the area were

plotted into a finite-element software package and a mesh created.
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Figure 135: Single-sided non-load-bearing attachment FE-model -distorted geometry and test grips

clamp-up

The finite-elenient model in Figure 135 represents the actual distortion of the coupon and
fixed displacements and rotations are applied to the coupon ends to simulate the actuation of
the hydraulic grips closing and clamping up. In b) after the solution is run, the geometry
shows some slight distortion and mis-alignment from the centre line load path of the load-
carrying back plate i.e. the load carrying plate is concave and curved into the weld. The
geometry is different to the initial 'perfect' as-designed geometry of the coupon and so the
geometry must be accurately modelled. The nodal displacements from the solution in c) are
used to create an updated finite element simulation for the distorted geometry in-situ in the
test configuration. The FE-model is again run with the loading frame test configuration and a

tensile IkN unit load applied, Figure 136 a).
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Figure 136: Single-sided non-load-bearing attachment distorted coupon FE-model and unit load

In Figure 136 c) the displacement results of the cover plate static tensile unit load are plotted.
Compared with the original undistorted coupon displacement results in Figure 133, although
exaggerated, it is clear that the loading path changes due to the distortion in the welded
coupon. In the un-distorted coupon, the plate attachment is forced into the tensile loading
path and the plate becomes a concave shape. In the distorted coupon, the plate attachment is
being forced away from the loading path into the weld attachment. The main load carrying
plate experiences a slightly different load (and stress) distribution and is forced into a convex
shape. It is therefore highlighted how important it is to model the geometry accurately to that

in the physical test.

4.2.5 Load carrying cruciform joint

The load-bearing cruciform joint coupon is modelled using solid brick and shell plate
elements in Figure 137a) and Figure 138a) respectively. The FE models were run using the

test frame boundary conditions under a IkN unit load.
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Figure 137: Load-bearing cruciform joint FE-model solid brick elements

The coupon is modelled in the as-designed state with no distortion of the material. There
were negligible levels of distortion in the coupon geometry during test set-up. This was
confirmed with the micro-strain values recorded upon installation (<12g£), shown previously

in chapter 4.1.8.

A close up of the weld detail is shown in Figure 137b) and c) for the 8mm and 10mm weld
leg solid element model, and Figure 138b) for the 8mm weld leg shell element model. A shell
model was also created with a 10mm shell thickness at the weld material. The nodes at the
intersection of the plate uprights and horizontal load carrying plates are not connected. The
parent plates are only connected to the weld bead metal, not each other creating a fit-up gap

as found in the actual coupon.
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Figure 138: Load-bearing cruciform joint FE-model shell plate elements

In the models shown above a global element size of 10mm is used. The solid brick elements
have a through thickness size of p ¢ (t= thickness 8mm upright). The levels of penetration
achieved in the test coupon were varied, creating different sizes of fit-up gaps at the weld
root. This was replicated in the FE models; initially with idealised weld geometry with no
penetration. Subsequent models were then created with 1mm, 2mm, and 3mm penetrations
and sidewall fusion into the parent plate. The effects of which were explored during the

structural stress calculation in chapter 4.3.

The displacement results are shown above for both the solid and shell element models. There
is a difference in displacement between the 8mm and 10mm weld leg length solid models due
to the increased cross-sectional area. There is a slight discrepancy between the solid and shell
elements again due to theoretical thickness of the shell plate elements and the inability to
accurately represent the weld detail. Due to the type of failure, the location of the shell weld
element is critical in simulating the test coupon load path. A majority of the load flows
around the crack at the root of the weld. In the shell mid-plane geometries this feature is not
present and load is transferred through the weld toe node on the horizontal base. Again, the
effects of the modelling techniques are explored in the structural stress calculation in chapter

4.3.
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4.2.6 Bending load tee joint

The bending load tee joint is modelled using solid brick and shell plate elements in Figure
139a) and Figure 140a). In order to represent the loading frame test configuration a tensile
IKN unit load is applied at the upright plate of the coupon. The braced section of the base
plate is restrained in the translational y and z degrees of freedom. The translational y DOF of
the nodes under the clamped area, are unrestrained in order to simulate the material flow
accurately. A node along the centre line of the coupon is fixed in the translational x direction

to stop the model moving along the x axis and behaving erratically.

DISPLACEMENT

Figure 139: Bending load tee joint FE-model - solid brick elements

A close up ofthe weld detail is shown. The nodes at the intersection of the plate uprights and
the horizontal base plates are not connected. The parent plates are only connected to the weld
bead metal, not each other, creating a fit-up gap as found in the actual coupon. In the models
shown above a global element size of 10mm is used. The solid brick elements have a through
thickness size of 'A/ (t= thickness 8mm upright). The shell plate elements of the parent plate

and the weld bead both have a real constant set material thickness of 8mm.

128



DISPLACEMENT

Figure 140: Bending load tee joint FE-model - shell plate brick elements

The displacement results are shown above in Figure 139b) and Figure 140b) for both the
solid and shell element models. Under a IkN unit load, the recorded displacement (in the y-
axis) at the test grip end is 0.006039mm and 0.004537mm for the solid and shell models
respectively. There is a difference between the displacement values, again, due to mid-plane
geometry of the shell plate elements. This has an increased effect on the load-carrying weld
and hence a larger difference between the solid and shell element models. Unlike the double-
sided non-load-bearing attachment (section 4.2.4) where only a negligible difference is seen

between the two element model types.

The coupon models shown above are in the as-designed state with no distortion of the
material simulated. The cross-section of a coupon (out of the test frame) was taken using a
co-ordinate measurement machine. The cross-section was modelled in the FE software and a
mesh extruded to create a distorted model. Figure 141a). Boundary conditions were applied
to the model to simulate the clamp up of the bracing used on the test configuration. Rotations
in the z-axis were applied on the nodes at the 100mm brace-to-brace distance. The nodal

displacements of the solution are displayed in Figure 141b).
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Figure 141: Bending load tee joint distorted model - test frame elamp-up simulation

The final nodal displacements above are used to update the tee joint geometry and a further
analysis is completed on the geometry data. The static unit load boundary conditions are
applied as shown in Figure 142a) and the solution is run.

b) DIS PLACEMEN
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Figure 142: Bending load tee joint distorted model - static IkN unit load

There is only a slight distortion in the updated coupon geometry and could be potentially
considered negligible. In the displacement results shown in Figure 142b), there is a slight

difference in comparison to the initial un-distorted model in Figure 139b).

4.2.7 Validation of Coupon Models

The validity ofthe FE models produced in this chapter was checked prior to using the models

for structural stress calculations. This gave confidence in the models before using the coupon
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data and converting into a single master S-N curve. Checking was carried out by comparing
micro-strain values obtained from the FE model against those measured by strain gauges
placed on the coupons. All strain gauges were placed 10mm away from the weld toe on the
main load carrying plate. Elastic micro-strain values were extracted from each coupon model
at the corresponding gauge positions. In the case of the bending load tee joint, a strain gauge
was placed on the base plate at 10mm away from the lower weld toe. The micro-strain

comparisons are shown in Figure 143.

FE-Model Strain gauge
Load kN Microstrain measured microstram
HE HE
Tensile load tee joint 86 522 560
Non load bearing cover plate 167 1115 1330
Distorted model 167 1801 1330
Load bearing lap joint 67 1057 1315

Non load bearing transverse attachment

Double 177 1079 1150
Single 100 621 876

Single - distorted model 100 1044 876

Cruciform

8mm 200 1218 1151
10mm 200 1218 1225

Bending load tee joint
Upright 40 272 267
base 40 1128 750

Figure 143: Validation of coupon models - FE micro-strains vs. recorded micro-strains

The entire coupon FE models gave reasonable correlation with the recorded micro-strain
values. Some errors were produced, but as to be expected given variables in the material
properties, misalignment and accuracy of gauge positioning, and calibration errors in the test

and measurement equipment.

Where distortion was present in the coupon geometries, the as-designed undistorted models
initially gave optimistic micro-strain levels, compared to the recorded values. Upon
simulation of the distortion levels in the coupon, an increase in strain levels were calculated,
and higher than the strain gauge measurements. This suggests the distorted as-welded
geometries are too pessimistic compared with the test data. A further judgment can be made

as to which model is correct, based on the correlation and condensing of data into the single



master S-n curves. The FE micro-strain values for the bending load tee joint coupon do not
fare as well in comparison of measured micro-strain values, however, the coupon and test
geometry has far greater sources of error. There is a large stress gradient across the coupon
base plate and hence, results will prove very sensitive to any misalignment of gauge
positioning than the other coupons. Furthermore the clamping test arrangement is dependent
on hand and eye measurements to clamp the tee into place, unlike the other coupons that rely

on upper and lower test grip fixtures on a fixed concentric spigot arrangement.

4.2.8 Summary

The six coupon types and relevant geometry variations have all been modelled in a linear
static finite element simulation. Where applicable, the distorted as-welded geometries have
also been modelled and analysed and prove to have an important effect on the load
distribution. Both the use of solid brick and shell plate elements has been explored. Where
non-load-bearing coupon joints are modelled, there is only a small difference found between
the two element types. However, in load-bearing weld applications the shell element results
clearly differ from the solid element. This is because of the mid-plane geometry of the shell
element and not fully representing the weld bead geometry in the test coupons. This will
possibly create a difference in the analysis and conversion of test data when generating an

alternative fatigue damage parameter.

Due to the singularity created at a notch, any stress results from the solution does not provide
robustness for a suitable parameter to assess weld fatigue strength. To convert the weld
fatigue data (documented in chapter 4.1) into a useable format the next step requires
extraction of the forces and moments from the finite element coupon models. The force and
moment data provides information acting through a weld location based on the overall
geometry of the structure. This excludes information or any kind of stress concentration

arising from the peak stresses at the weld toe (or stress singularity in the FE-model).

The force and moment data can be used in the Structural Stress approach to calculate and

explore if a robust weld fatigue damage parameter exists.
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4.3 Coupon Structural Stress Calculation

After generating and solving a suitable and accurate finite element model of a component a
further 'post-processing' step outside of the standard FE software is required. As any
calculated FE stress can give erroneous results at stress singularities, it is advantageous to use
forces and moments as an output from the FE model. Forces and moments are largely
insensitive to mesh densities and singularities as they are calculated at nodal positions as
opposed to stresses calculated at Gaussian positions within the element, which are

extrapolated to nodes.

AN

Figure 144: Structural Stress calculation example- un-welded coupon under unit load

There are a number of steps required to calculate a structural stress fatigue damage
parameter. Assuming a linear-static analysis with a unit load is completed. Figure 144, the

following 'post-processing' steps are carried out.

From the FEA software package of the solved model, the weld fatigue crack path must be
defined. This is achieved by sectioning the model at potential weld crack path positions and
selecting only the elements up to the crack plane. Figure 145. The nodes positioned on the

crack plane must then be highlighted and selected, Figure 146.
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Figure 145: Crack plane definition -sectioned model at weld failure crack path

Section A-A

Figure 146: Crack plane definition -selected nodes on weld failure crack path

After selecting the appropriate nodes, the relevant command prompt is given to the FE-
software to obtain force and moment data for each node. This creates a 'free body diagram
of the component and determines the forces and moments passing through the weld nodes
under the applied load. A list or text file output is given of the nodal values for the forces end
moments in the x, y, z directions, Figure 147. Values of the element size along the weld Ine

are also required from the model.
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NI ORCl Command (Ha)

Fits
***** POST1 NOOR TOIRL RORE SUH\RITIGN *
LCRO STEP- 1 SUBSTEP- 1
THE FOLLOAING X,Y,Z FORCES RFE IN THE GIOBfil OOCRON

FX FY FZ NX
10.41 -0.1708E-09 -0.2036E-09 0.000
10.41 -0.1982E-09 0.2031E-09  0.000

20.8S 0.2607E-09 -0.1776E-09  0.000
20.83 0.2569E-09 -0.6313E-12  0.000
20.85 0.2692E-09 0.1763E-09  0.000

EREE

Figure 147: FE model text fde output- nodal forces and moments

Using a spreadsheet or calculation based software, the nodal force data are distributed along

the weld crack plane, changing the normal point (node) forces F into line (element) forces f ,

Figure 148.
Node 1 Fl
Black arrow (F) = nodal (point)
forces obtained from FE-mode!
Element
Red arrow (f')= element
(distributed or line) forces
determined using inverse matrix
F2
Node 2
Crack
plane

Figure 148: Nodal (point) forces from FE model distributed into element (line) forces

The nodal forces are summed up through the thickness of the FE model, and a station point or
nodal column is created for each column of nodes across the width of the crack plane. There
are 6 element divisions along the width of the crack area and therefore 7 nodal column station

points. Station points 1and 7 are at either edge of the coupon.

Total turn of

d )Nodal alamant distance b ) nod# numbers down column c) NFORCE FX (values from FE output) >column
Column  |ength  across width X M2
16.67 0.00 136 78 77 76 12 1 1041 2085 20.83 2085 1041 1 &35 O
16.67 16.67 2 386 596 591 586 276 2 2082 417 4165 417 2082 2 16680 0
16.67 33.33 3 387 597 592 587 277 3 20.82 4169 4165 4169 2082 3 168667/ O
16.67 50.00 4 388 598 593 588 278 4 2082 41.68 4165 41.68 2082 4] 18665 O
16.67 66.67 S 389 599 594 589 279 5 2082 4169 4165 4169 2082 5 16667 O
16.67 83.33 6 390 600 595 590 280 6 2082 417 4165 417 2082 6r 1660 0
100.00 7 141 183 182 181 117 7 1041 2085 2083 2085 1041 7 835 0

Figure 149: Structural Stress calculation - element and node data entered from FE model
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Each element length (distance between station points) across the width of the coupon is
entered Figure 149a). A grid with each node number as defined on the crack plane is created
Figure 149b) relating to the node numbers in Figure 146. A corresponding grid is created and
the relevant node force values normal to the weld are entered with the values (Fx) obtained
from the FE model output Figure 149c). The total force through the thickness of the model is

summed for each node column in Figure 149d).

A - 1 ‘
3 6 A where Fj,..., F,: element nodal force
.. A (/1+/2) 12 0
J’ — 6 3 6 <A > fi fr: line force
0 12 (12+13) h element length
6 3 6
F 0 0 f

Figure 150: Structural Stress theory - element length matrix

The structural stress element length matrix was discussed earlier in the literature review and
is displayed in Figure 150 above. The nodal forces and element lengths are known, resulting
in the inverse line (distributed) forces to be calculated (f=M*1F). In Figure 151, distribution

matrix (M) and the inverse matrix (M 1) are created in a spreadsheet.

1 2 3 4 5 6 7 1 2 3 4 5 6 7
5.56 2.78 0.00 0.00 0.00 0.00 0.00 0.208 -0.056 0.015 -0.004 0.001 0.000 0.000
2.78 11.11 2.78 0.00 0.00 0.00 0.00 -0.056 0.111 -0.030 0.008 -0.002 0.001 0.000
0.00 278 11.11 2.78 0.00 0.00 0.00 0.015 -0.030 0.104 -0.028 0.008 -0.002 0.001
0.00 0.00 2.78 11.11 2.78 0.00 0.00 -0.004 0.008 -0.028 0.104 -0.028 0.008 -0.004
0.00 0.00 0.00 2.78 11.11 2.78 0.00 0.001 -0.002 0.008 -0.028 0.104 -0.030 0.015
0.00 0.00 0.00 0.00 2.78 11.11 2.78 0.000 0.001 -0.002 0.008 -0.030 0.111 -0.056
0.00 0.00 0.00 0.00 0.00 2.78 5.56 0.000 0.000 0.001 -0.004 0.015 -0.056 0.208

N o a b~ WwN -
N o g b WN A

Figure 151: Element length matrix (M), left and Inverse matrix (M '1), right.

The distributed forces are calculated in Figure 152(a) using the product of the inverse matrix

in Figure 151 and the total sum of forces in Figure 149(d) where f=M IF.
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FE-Stress

Onominal
line distributed V my'  b)Structural Stress c forcelarea d) (S1)
a)l 10.002 0 1.250B 1.25 1.2503
2 10.001 0 1.2502 1.25 1.2501
3 10.000 0 1.2500 1.25 1.2499
4 9.998 0 1.2498 1.25 1.2498
5 10.000 0 1.2500 1.25 1.2499
6 10.001 0 1.2502 1.25 1.2501
7 10.002 0 1.250B 1.25 1.2503

Figure 152: Structural Stress calculation per unit load

The distributed line forces f can then be entered into the structural stress equation 3.3

presented in chapter 3:

ff ~ 8/77 ,  Where f=distributed force
(J X + y m = distributed moment
t = thickness

The structural stress factor, os (MPa per unit load applied), as calculated in Figure 152(b), is
calculated using membrane and bending (loading) components and ignoring any non-linear
peak stresses at the weld toe, as discussed in chapter 2 (see figure 2.34). The FE model
example used above contains no weld toe or non-linear peak stresses, therefore the structural
stress should be the same as the nominal stress. For comparison, the nominal stress
(force/area) Figure 152(c) and maximum principal stresses (from the FE model) Figure 152d)

are given.

The structural stress calculation method discussed above can be employed on weld failures
such as the weld toe, throat and root or fusion line. The process is repeated here for the
welded coupon models defined in the previous chapter (4.2) and using the appropriate failure

modes recorded in chapter 4.1.

Traditionally, a finite element model and its mesh density should be carefully considered if
results are mesh sensitive. As shown in chapter 3.4.1, a coupon with the same geometry and
boundary conditions, but modelled with two different mesh densities can give two different
stress results. The proposed structural stress method is unique in its approach as it is always
asserted to be insensitive to the mesh density. Potentially, there are, however, different

parameters associated with the finite element model that can affect the structural stress
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calculation, such as element type and size. It is also possible to model the geometry and weld

crack path in different formats with further effect on the structural stress calculation.

Finite element models were generated concentrating on the effects of mesh density and
element type and calculation order. The range of different element types and sizes were used
to explore the structural stress mesh insensitivity claim. The mesh densities used were 3.125,
5, 10, 16.67, 25 and 50mm across the width of the coupon (element length along the weld).
The through thickness element sizes were %, 14 and It, with t the thickness of the coupon
plate material. Element types used were shell and solid models linear 1¢ and quadratic 2rd
order elements with both reduced and full integration methods. Examples of different global
element sizes and through thickness element sizes are shown for the non-load-bearing coupon
in Figure 153. The range of different element types and sizes were applied for each of the

coupon geometries in the data generation programme.

AN

AN

Figure 153: Non-load lap coupon mesh density -a) 50mm global and ‘A through thickness element size, b)

16.67mm and It, c) 16.67mm and 'At and d) 10mm and ‘At

4.3.1 Tensile load tee joint

Nodal forces and moments were extracted from the tensile load tee FE solid-model at the
crack path defined in Figure 154. The crack plane of the weld originates at the root of the
weld bead ‘fit up' gap and propagates out through the weld throat at approximately 33

degrees from the horizontal coupon base.
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Figure 154: Tensile load tee joint - FE solid model throat crack plane 33 degrees

Nodal forces and moments were also extracted for the tensile load tee FE shell model at the

equivalent 33 degrees crack path defined in Figure 155.

Figure 155: Tensile load tee joint - FE shell model throat crack plane 33 degrees

The main consideration for the tensile load tee joint is the weld throat failure mode. Work
applying the structural stress method has been explored and well documented for use with

weld toe failures but less so, (and with less consistency) for weld throat failures. In this part
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of the research work, the capability of the method has been investigated with consideration
given to the effects of element type and crack plane location rather than factors less sensitive
to the calculation procedure such as mesh density. Comparisons of the effects of different
mesh densities are reviewed and covered later on in this chapter (4.3.2 and subsequent) for
other coupon geometries with definitive results (justifying the exclusion of mesh density

effects here).

The structural stress calculation procedure described above was applied to both solid brick
elements and shell plate elements with a crack plane angle of either 33 degrees (actual throat
crack angle) or 45 degrees (minimum weld throat area i.e. maximum nominal stress). Where
solid elements were used, a review was completed on the effect that different levels of weld
penetration have on the structural stress calculation. Where shell elements were used, a
review was completed of the effect that different weld throat element real constant
thicknesses have on the structural stress calculation. The different solid and shell element

models are shown in Figure 156 and Figure 158 respectively.

AN

1
a) No penetration with b) No penetration with ¢) Imm penetration with d) Imm penetration with
45 degree crack plane 33 degree crack plane 45 degree crack plane 33 degree crack plane

Figure 156: Tensile load tee joint - Solid models 1, 2,3 and 4- varying penetration and crack path

The results of the structural stress calculation for the tensile load tee solid element models
under a IkN unit load are shown in Figure 157. The structural stress (MPa per unit load) is
plotted on the y-axis against the distance across width of the coupon (mm) on the x-axis. The
structural stress peak values of interest lie at the centre of the coupon (50mm from the edge)

where the crack initiation occurred in the test coupon.
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Structural Stress Profile - Tensile load teejoint - Solid element models

0 10 20 30 40 50 (6] 70 80 20 100

Distance across width of coupon (mm)

-¢-model 11 - no penetration 45" crack Full integration model 12 ¢ no penettation 45" crack Red integration
-e-model 2 1 - no penetration 33' crack Full integration = — model 2 2 « no peneuation 33* crack Red integration
—4—model 3 1 - with penetration 45' crack Full integration » mode) 3 2 - with penetration 45' crack Red integration

mode! 4 1 - with penetration 53' crack Full integration model 4 2 - with penetration 33" crack Red integration

Figure 157: Tensile load tee joint - Structural stress profile using solid element models

The tee joint solid element model results are sensitive to the level of weld penetration and
crack plane modelled in the finite element model. The results differ significantly by a factor
of 3. This could potentially prove to be a problematic area for fatigue life prediction of weld
throat failures and produce erroneous results. Model 4 is the most realistic and representative
geometry of the test coupon weld and failure. The results of which are assumed to be the

most accurate or ‘correct’ value to take forward for further analysis.
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Figure 158: Tensile load tee joint - Shell model examples a) weld throat element thickness 12mm, b) weld

element throat thickness 16mm, c) equivalent 45 degree crack and d) equivalent 33 degree crack

The results of the structural stress calculation for the tensile load tee shell element models
under a IkN unit load are shown in Figure 159. The structural stress is plotted on the y-axis
against the distance across width of the coupon, x-axis. The structural stress peak values of
interest lie at the centre of the coupon (50mm from the edge) where crack initiation occurred.
The structural stress theory proposes that the forces and moments extracted from the FE
model are divided by the element thickness used. For an analysis of a weld throat failure, this
can be problematic and an area of uncertainty. Four tee shell models have been created using
different weld throat element thicknesses of 8, 10, 12 and 16mm. In the structural stress

calculation, the corresponding weld throat element thickness has been used.
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Structural Stress Profile - Tensile load tee joint - Shell element models

a =T «7 = « — (w “ere *va*ue used ISequal to
R & A ) corresponding shell model throat thickness)
10
10 20 30 40 50 60 70 80 90 100
Distance actoss width of coupon (mm)
-*-Run 9 - 16mm throat thickness 45" crack -+-Run 10 - 16mm throat thickness 33° crack
-*-Run 11 - 12mm throat thickness 45° crack —-Run 12 - 12mm throat thickness 33° crack
-¢—Run 13 - 8mm throat thickness 45* crack * Run 14 - Sram throat thickness 33° crack
— Run 15 - 10.5mm throat thickness 45° crack Run 16 - 10 5mm throat thickness 33° crack

Run Modified - extra element 10 5mm throat thickness

Figure 159: Tensile load tee joint - Structural stress profile using shell element models

The structural stress profile results show sensitivity to the element thickness and the
corresponding thickness t value used in calculation. There is a minimal or negligible
difference in the results due to the varying crack path of 45 degrees or 33 degrees. A further
shell element model was created to explore the effects of weld thickness representation. An
additional shell element was modelled into the weld throat region as shown in Figure 160.
This is to increase the shell thickness area of the theoretical weld throat. It is possible that
under certain loading conditions, the weld representation will play a crucial role in
calculating the structural stress. This is dependent upon the way the load path is distributed
through the coupon body, and whether shell elements are able to replicate the distribution

accurately.

143



Additional
shell
element

Figure 160: Modified tensile load tee-joint model - additional weld throat elemnet

The modified weld model for the tensile load tee joint has no effect on the calculated
structural stress. It will be discussed in detail later on in the chapter, how the weld

representation is critical for cruciform throat failure shell models.

Figure 161 shows a comparison of extracted nodal forces and moments from the four shell
element models (8, 10, 12 and 16mm throat thickness). It is evident that there is little
variation in the extracted forces and moments. This would be expected, as the shell
geometries are identical except for the throat thickness. The unit load (1 kN) applied to the top
of the model is distributed through the four models in a similar load path. It is the final

structural stress calculation that creates the differences in the final structural stress factors.
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Comparison ofextracted forces and moments in teejoint shell element models
using different throat element thicknesses
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Figure 161: Comparison of extracted nodal forces and moments of the tee joint shell element models

As the forces and moments show little sensitivity to the FE model throat element thickness /,
the actual throat failure area of the test coupon was used in the final structural stress
calculation. The structural stress profiles of the four models are shown in Figure 162. There is
a much better improved correlation between the four FE models. Again, the Structural Stress
(MPa per unit load) on the y-axis is plotted against the distance across the width of the

coupon (mm) on the x-axis.
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Structural Stress Profile - Tensile load teejoint - Shell element models
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Figure 162: Tensile load tee joint - Structural stress profile using shell element models - using actual weld

throat failure thickness in the structural stress calculation

There is a question regarding the use of shell elements for ‘thick' plate structures for non-
automotive applications (i.e. components greater than 2mm thickness). It is questionable if a
shell element can truly represent the geometry of a solid brick element. The structural stress
calculation used here can be broken down into membrane and bending components
(membrane governing the level of structural stress and bending governing the gradient of
stress, as shown in Figure 2.34). This has been completed for the tee joint solid and shell
element models, Figure 163, using values from solid model type 4 and the shell element
model with weld throat t of 10mm. The level of stress components correlate well with a
negligible difference given the limitations of the shell element capability, which is to be

expected.
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Comparison of structural stress components in solid and shell element models -
Tensile load tee joint

Tee solid model Tee shell model

m Membrane stress  m Bending stress m Total structural stress

Figure 163: Comparison of calculated structural stress components in the tensile load tee joint - solid

against shell element models

4.3.2 Non-Load-Bearing Transverse Cover Plate

The non-load-bearing cover plate crack path is defined in Figure 164 and Figure 165 for solid
and shell element models respectively. The crack plane of the weld originates at the weld toe
and propagates down through the thickness of the plate. The structural stress calculation
procedure is applied for a range of different element types and sizes. The investigation of the
proposed mesh-insensitive structural stress approach concentrated on effects of mesh density
and element type and calculation order. The mesh densities used were 3.125, 5, 10, 16.67, 25
and 50mm across the width of the coupon. The through thickness element sizes were ‘A, X
and It, t being the thickness of the coupon plate material. Element types used are linear 1¢
and quadratic 2nd order elements employing reduced and full integration methods. Structural
stress factors were calculated for the coupon in ‘as-designed' un-distorted geometry condition

and ‘as-welded' distorted geometry.
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Figure 164: Non-load-bearing cover plate - FE solid model crack plane

Figure 165: Non-load-bearing cover plate - FE shell model crack plane

The structural stress is calculated along the weld toe across the width of the coupon. The
structural stress concentration factor per unit load (IkN) is displayed in Figure 166 and
Figure 167 for the un-distorted and distorted solid element models respectively. The
Structural Stress (MPa per unit load) on the y-axis is plotted against the distance across the

width of the coupon (mm) on the x-axis.
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Figure 166: Non-load-bearing cover plate - Structural stress profile using un-distorted solid element

models

Structural Stress Profile - Non load bearing cover plate - Distorted model solid elements
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Figure 167: Non-load-bearing cover plate - Structural stress profile using distorted solid element models

The structural stress profiles show a distinct difference between the undistorted and distorted

welded coupon geometries. Considering the various element types and calculation methods

used, there is good correlation and minimal mesh sensitivity to the structural stress results.



There is reasonable correlation between three different software vendor packages used. The
same FE model analysed in the Nastran, Abaqus and Ansys packages have a structural stress
unit load calculation of 1.48MPa, 1.54MPa and 1.48MPa respectively at the centre of the
coupon using a full integration method. A reduced integration option is not available in the
Nastran package. Where it was used for Abaqus and Ansys, both unit load factors calculated

values of 1.47MPa.

There are a few exceptions, such as the 1** order element with a through thickness of 1t (1
element through the thickness of the coupon) and a reduced integration calculation procedure.
This arrangement would not be considered a reasonably realistic mesh; it is a severely coarse
mesh. It is limited in calculating effects due to bending as it has fewer Gaussian integration
points than the full method. Ideally, 3 or 4 elements should extend through the geometry
thickness. However, the final results are still within a satisfactory margin of error. The un-
distorted and distorted coupon structural stress values are within 16% and 4% of the mean

results respectively.

A finite element model was created using a 10-node tetrahedral mesh. The structural stress
profile of which, in Figure 166, behaves very erratically. The stress fluctuates up and down
between 1.6MPa-1.4MPa at the centre of the coupon. The increase is most noticeable at the
edges, between 0.9MPa-2.0MPa. This suggests that the locations of the nodal force
summations and line element matrix (from which the structural stress is calculated) are
incorrect, as the FE model total force acting through the crack plane is equal to the unit load

applied (i.e. in equilibrium).

The structural stress factor per unit load is 1.6MPa for the un-distorted coupon and 2.6MPa
for the distorted coupon. These values are based on the FE models with the highest density
mesh of 10 divisions across the coupon width, and 4 elements through the plate thickness
using a full integration. This would be considered the most accurate representation of the

geometry with the highest order and efficient mesh available.
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Structural Stress Profile - Non load bearing cover plate - Undistorted model shell elements
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Figure 168: Non-load-bearing cover plate - Structural stress profile using un-distorted shell element

models

Structural Stress Profile - Non load bearing cover plate - Distorted model shell elements
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Figure 169: Non-load-bearing cover plate - Structural stress profile using distorted shell element models

The structural stress concentration factors per unit load (IkN ) are displayed in Figure 168 and
Figure 169 for the un-distorted and distorted shell element models respectively. In a similar
way to the solid element models, there is a distinct difference between the undistorted and

distorted welded coupon geometries with a peak structural stress factor per unit load of



1.5MPa and 2.6MPa respectively. When calculating the structural stress using shell elemerts,
there is an erratic step in value towards the edge of the coupon. This is only shown when
using a full integration method for element sizes >10mm. A jump in value is visible in both
full and reduced integration methods for element sizes Smm and smaller, with a larger and
more apparent step occurring for full integration. There is, however, excellent correlation

between the solid and shell element calculations.

There is some deviation in the results calculated with models using reduced integration
methods and a coarse element number of divisions across the width of the coupon. This is
due to the inability to model bending effects across the width of the coupon. These solution
and modelling parameters would be advised against. However, despite showing a marginal
difference in the results, an efficient answer can be achieved with only a slight compromise

on accuracy.

The peak structural stress unit load factors of 1.5MPa and 2.6MPa for the shell un-distorted
and distorted models are to be taken forward for further analysis. These values are obtaired
from what is considered the most representative, efficient and accurate, high capability mesh.
This is found from using a 10 division full integration model. Confidence can be taken from
the fact there is no, or only a very small deviation, seen in the results using a coarser or finer

mesh from the model values taken forward.

In an attempt to determine where maximum efficiency can be obtained, a relative
convergence curve is shown in Figure 170. This is a convergence check from one model to
the next giving the peak structural stress (MPa) at the centre of each model plotted on the y-
axis against the various model types on the x-axis. Convergence would be considered
complete or achieved when the target (y-axis) displays only a small change in value in the
subsequent iteration. So if the structural stress value changes by less than 10% with the
iteration, there would not be much benefit from modifying the mesh or completing the next

solution.

12 runs were completed for the non-load-bearing cover plate distorted geometry sclid
element model and 7 for the shell. The details of the solution and model parameters in each
model are displayed in Table 4. There is an increased difference in the solid model results
due to the added variable of through thickness mesh densities. The highest solid model

inaccuracies are displayed at runs 1 to 3, where very coarse element densities are used. This
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effect is not seen on the shell element models as there is no variant possible for a through

thickness mesh.

Solid vs. Shell model convergence - Non load bearing cover plate distorted
270 ¢

yij / Solid element models
im Shell element models

1
\\\

2.45

Run

Figure 170: Solution convergence - non-load-bearing cover plate solid element distorted model

No. of divisions No. of divisions  Integration Element No of. Peak
Run along weld through thickness type order nodes SS (Mpa)
1 6 1 reduced 1 8 2.4779
2 6 1 full 1 8 2.6507
3 6 T reduced 1 8 2.6058
4 6 7 full 1 8 2.6452
5 6 1 reduced 7 20 2.6600
6 6 1 full 7 20 2.6500
7 6 2 reduced 7 20 2.6425
8 6 ’ full > 20 2.6326
9 10 4 reduced 1 8 2.6309
10 10 4 full 1 8 2.6404
1" 20 4 reduced 1 8 2.6366
12 20 4 full 1 8 2.6413

Table 4: Solid element distorted model solution parameters used in Figure 170

The convergence graph suggests full integration methods obtain the most accurate
calculation. Only a very small, negligible, change is seen in the solid models after solution
run 8 and up to 12. Observing the very small y-axis range, an efficient solution with only a
slight compromise on accuracy, can still be achieved using models 2 to 6. Based on the

convergence graph it is recommended that Model 1, reduced integration with 1 element
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division through thickness, be avoided. The low levels of scatter observed also provide
confidence in the mesh insensitive theory applied. Depending on the time scales and solution
power available, the analyst could make a subjective decision depending on the accuracy,

efficiency and time constraint imposed.

No. of divisions | Integration | Element No of. Peak
Run along weld type order nodes SS (MPa)
1 6 reduced 1 4 2.6288
2 6 full 1 4 2.6302
3 6 - 2 8 2.6302
4 10 reduced 1 4 2.6375
5 10 full 1 4 2.6337
6 20 reduced 1 4 2.6381
7 20 full 1 4 2.6356

Table 5: Shell element distorted model solution parameters used in Figure 170

The shell element model runs display only a small difference in the calculated structural
stress between runs 3 and 7. This is a similar trait seen in the solid element model
convergence between runs 7 and 12. There is only a slight increase seen, in both cases,
between a 6 divisions and 20 divisions element mesh across the width of the coupon. It is
evident that the finer mesh density increases the bending seen across the width of the coupon.
Although the result of using a 6 division mesh is only a small error here, in a larger or
complex sub-assembly under multiple loading modes, the error could be greatly increased.
This could give rise to more inaccuracies in the fatigue life prediction. The shell element
models here converge faster and more efficiently than the solid element models, largely due
the lower number of variable FE parameters (i.e. no through thickness mesh). In this case of a
non-load-bearing attachment weld, the shell model displays excellent correlation with the

solid model.

4.3.3 Load-Bearing Lap Joint

Nodal forces and moments were extracted from the load-bearing lap joint FE model at the
crack path defined for the solid model in Figure 171 and the shell model in Figure 173. The
crack plane of the weld originates at the weld toe and propagates down through the thickness
of the plate. The structural stress calculation using Excel was repeated for different element

types and sizes discussed at the beginning of this chapter.
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Figure 171: Load-bearing lap joint - FE solid element model eraek plane

The structural stress concentration factors per unit load at the weld toe across the width of the
coupon are displayed in Figure 172 and Figure 174. for the solid and shell element models
respectively. The Structural Stress (MPa) on the y-axis is plotted against the distance across

the width of the coupon (mm) on the x-axis.
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Structural Stress Profile - Load bearing lapjoint - Solid elements
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Figure 172: Load-bearing lap joint - Structural stress profile using solid element models

The structural stress factor per unit load is approximately 4.2MPa for the solid element
coupon geometry. Considering the various element types and calculation methods used, there
is very good correlation with little mesh sensitivity to the structural stress results. There are a
number of exceptions with structural stress values calculated at approximately 4.0MPa and
4 5MPa. There are 2 models calculating structural stress values of 4MPa. The model
parameters used are; 6 element divisions across the weld, 1 element through thickness and
reduced integration; and 2 divisions across weld, 4 elements through thickness and reduced
integration. For the 4.5MPa unit load factors, the model used consists of 2 element divisions
across weld, 4 elements through thickness and a full integration solution. These measures are
considered a very coarse and unrealistic mesh that should be avoided due to its limitations in
representing bending. This mesh approach could lead to a slight compromise on accuracy but
might be feasible given the time saved in solution. Despite this, the approach can be
considered to support the mesh insensitivity claim. The final peak structural stress values are
all still within a satisfactory margin of error, 5% of the mean values of the most
representative and accurate mesh. Excluding the coarse mesh exceptions described above, the

peak structural stress factor of 4.2MPa is to be taken forward for the solid element model.
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Figure 173: Load-bearing lap joint - FE shell element model crack plane

When calculating the structural stress using shell elements, there is a noticeable step in value
towards the edge of the coupon. This is again, as per the previous coupon, only shown when
using a full integration method for element sizes >10mm. An increase in the step is in both
full and reduced integration methods of element sizes 5mm and smaller. O f the two, the step

is larger and more apparent for full integration.

At the centre of the coupon stress profile, there is excellent correlation between the calculated
factors. Models with a coarse mesh, of 2 and 4 divisions across the wide of the coupon, and a
reduced integration method calculate a slightly higher unit load factor of 4.3MPa and
4.45MPa respectively. This only a slight error compared with the peak structural stress factor
of 4.2MPa for the high density meshes. The 2 and 4 divisions gave element sizes of 50mm
and 25mm respectively. Across a 100mm coupon, these values are considered very coarse
and will be excluded from any further analysis. However, there is confidence in the method if
comparable answers, with only a slight degradation in accuracy, can be achieved using
extremely coarse models. Second to this, when using the same mesh sizes with a full
integration type, there is very good correlation of peak structural stresses with the most

accurate high-density mesh.
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Structural Stress Profile - Load bearing Lap joint - Shell elements
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Figure 174: Load-bearing lap joint - Structural stress profile using shell element models

There is excellent correlation and little deviation between the solid and shell element

calculations, both with unit load factors of 4.2MPa.

4.3.4 Non-load-bearing Transverse Attachment

The first non-load-bearing transverse attachment coupon with the root failure crack path is
defined in Figure 175 and Figure 176 for the solid and shell element models respectively. The
crack plane of the weld originates at the weld bead root where the attachment meets the load
carrying plate and propagates down through the thickness of the plate. The structural stress
calculation procedure is applied for a range of different element types. The structural stress is
calculated for a weld toe failure, to compare against the weld root failure. If the calculation
theory supports a weld root failure, the weld toe will see a lower structural stress parameter.
Should a similar situation arise in an authentic design environment, the structural stress
approach could be optimised to then avoid a root failure by altering the weld geometry

design.
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Figure 175: Non-load-bearing transverse attachment - FE solid model crack plane a) plate root failure

and b) weld toe failure

Figure 176: Non-load-bearing transverse attachment FE shell model - root failure crack plane

Solid and shell element FE models were generated for both the as-designed and as-welded
(distorted) coupon geometries. The structural stress profile was generated using the
calculation procedure described at the beginning of this chapter. The structural stress factors
per unit load at both the weld toe and weld root are displayed below across the width of the

coupon. The Structural Stress (MPa) on the y-axis is plotted against the distance across the
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width of the coupon (mm) on the x-axis for the un-distorted coupons in Figure 177 and tht

distorted coupons in Figure 178.

Structural Stress Profile - Non load bearing transverse attachment - Undistorted model
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Figure 177: Non-load-bearing transverse attachment root failure - un-distorted structural stress profde
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Figure 178: Non-load-bearing transverse attachment root failure - distorted structural stress profile
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In the un-distorted coupon geometry, the weld toe failure mode calculated a slightly higher
structural stress than the root failure mode that was actually observed in the test coupon,
1.3MPa compared with 1.2MPa at the centre (where crack initiation occurred). Having
modelled the distorted geometry of the actual welded coupon, the structural stress
concentration factors calculated are 2.39MPa for the weld toe failure and 2.49MPa for the
root failure. A more realistic representation of test coupon is seen in the distorted geometry,

and a higher factor is then calculated for the actual root failure mode.

Nodal forces and moments were extracted for the second batch of non-load-bearing
transverse attachment coupons at the crack paths positions defined in Figure 179 and Figure
180 for the solid and shell element doubled sided coupon models. The crack plane of the

modelled weld is typical of a common weld toe failure.

Figure 179: Double non-load-bearing transverse attachment - FE solid model crack plane (NLT1D)
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Figure 180: Double non-load-bearing transverse attachment - FE shell model crack plane (NLT1D)

Structural Stress Profile - Double non load bearing ttransverse attachment - Solid elements
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Figure 181: Non-load-bearing transverse double attachment (NLT1D) - structural stress profile using

solid element models
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The structural stress concentration factor per unit load is calculated at the weld toe across the
w idth of the coupon. The structural stress profiles for the double non-load-bearing attachment
solid element models are displayed in Figure 181. The peak structural stress factor per unit
load is approximately 1.22MPa at the centre of the solid element coupon geometry. There is a
wide range of differing FE model parameters used but all with very good correlation and little
mesh sensitivity to the structural stress results. A 10-node tetrahedral element model was
created and the structural stress plotted. The stress profile is inconsistent and uneven with the
stress value fluctuating between 1.2 and 1.29MPa. The values get considerably worse at the

edges lying between 0.9 and 2MPa

Structural Stress Profile - Double non load bearing transverse attachment - Shell elements
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Figure 182: Non-load-bearing transverse double attachment (NLT1D) - structural stress profde using

shell element models

The structural stress profiles for the double non-load-bearing attachment shell element
models are displayed in Figure 182. The shell element models show a peak structural stress

factor per unit load of 1.2MPa. When calculating the structural stress using shell elements,
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there is a noticeable increase in value towards the edge of the coupon. The increase occurs for
both full and reduced integration types of all element sizes. The difference in stress profile
towards the edge of the coupon is noticeable. The calculated values become irregular at the
edge of the coupon for finer element mesh densities and become more exaggerated when full
integration is used. Comparing the solid against the shell element calculations there is

excellent correlation and little deviation between the two.

Figure 183: Single non-load-bearing transverse attachment - FE model solid element model crack plane

(NLT1S)

Figure 184: Single non-load-bearing transverse attachment - FE model shell element model crack plane

(NLT1S)

Nodal forces and moments were extracted for the non-load-bearing single transverse
attachment coupons at the crack paths positions defined in the solid element and shell
element models, Figure 183 and Figure 184. The range of FE model parameters, as used on
the double attachment coupon, was also applied to the single attachment coupon, as per the

summarised element mesh size and densities at the beginning of chapter 4.3. Due to the
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single-sided welding runs, the final coupon manufactured was distorted. The load carrying
back plate was convex and curved into the weld. Two model geometries were created, in the

un-distorted and distorted form.

The structural stress concentration factor per unit load was calculated at the weld toe across
the width of the coupon. The structural stress profiles for the single, non-load-bearing

attachment, un-distorted model using solid elements are displayed in Figure 185.

Structural Stress Profile - Non load beating single transverse attachment undistorted - Solid element
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Figure 185: Non-load-bearing transverse - single attachment un-distorted (NLT1S) - structural stress

profde using solid element models

The peak structural stress factor per unit load is approximately 1.26MPa at the centre of the
solid element coupon geometry. The structural stress calculation displays very little
sensitivity to the different FE model parameters: mesh density and element type used (solid
brick or plane shell, 1¢ or 2rd order). A 10-node tetrahedral element model was created and

the structural stress plotted. The stress profile for this is inconsistent and uneven. The stress at
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the centre region of the coupon has a similar profile with a magnitude of 1.25MPa. Towa'ds

the edges of the coupon the structural stress profile gets very erratic and differs between 093

and 2MPa.

The structural stress profiles for the single, non-load-bearing attachment, un-distorted model
using shell elements are displayed below in Figure 186. The Structural Stress (MPa) on they-
axis is plotted against the distance across the width of the coupon (mm) on the x-axis for .he

un-distorted coupons.

Structural Stress Profile -Non load bearing single transverse attachment undistorted - Shell elements
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Figure 186: Non-load-bearing transverse - single attachment un-distorted (NLT1S) - structural stres,

profile using shell element models

The shell element models show a peak structural stress factor per unit load of 1.24M:=a.
When calculating the structural stress using shell elements, there is a noticeable increase in
value towards the edge of the coupon. An increase occurs for both full and reduced
integration methods and all element sizes. There is a noticeable difference in stress proile

towards the edge of the coupon. The calculated values become irregular at the edge of :he
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coupon for finer element mesh densities particularly when full integration is used. This is not
a major concern as crack initiation in the coupons occurred in the centre region of the
coupons. The outer edge weld toes were also ground flush with a 240 grit abrasive grinding
wheel. Comparing the structural stress profiles of the solid element models against the shell
element profiles, there is excellent correlation and little deviation at the centre region peak
values. There is some divergence in the stress profile at the edge of the coupon in the solid

element models.

In an attempt to investigate the effects of modelling the designed weld coupon geometry, as
opposed to the distorted or 'real' coupon geometry, the structural stress profiles for the single,
non-load-bearing attachment, distorted solid element models are displayed below in Figure

187.

Structural Stress Profile - Non load bearing transverse single attachment distorted - Solid elements
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Figure 187: Non-load-bearing transverse - single attachment distorted (NLT1S) - structural stress profde

using solid element models
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The structural stress profiles for the single, non-load-bearing attachment, distorted shell

element models are displayed below in Figure 188.

Structural Stress Profile - Non load bearing transverse single attachment distorted - Shell elements
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Figure 188: Non-load-bearing transverse - single attachment distorted (NLT1S) - structural stress profile

using shell element models

The structural stress factor per unit load is calculated at the weld toe across the width of the
coupon. The Structural Stress (MPa) on the y-axis is plotted against the distance across the
width of the coupon (mm) on the x-axis. When modelling the distortion of the coupon
geometry, the load-carrying back plate is bent due to the weld runs position at the centre of
the coupon. Applying a tensile load, the load follows a different path to that of the un-
distorted geometry (Figure 133). Significantly more bending moment is introduced (Figure
136). This is shown in the distorted geometry structural stress profiles above. The peak
structural stress values at the centre region are 2.39MPa and 2.38MPa for the solid and shell
element models, compared with 1.26MPa and 1.24MPa for the un-distorted coupon
geometries. Similar mesh-insensitivity traits are shown here as found in previous stress

profiles of the non-load-bearing double and single (un-distorted) attachment coupon. There is
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excellent correlation throughout, except for the 14 order solid element model with 1 element
through thickness, which has limitations in representing bending across the coupon width,

while shell elements profiles become uneven towards the edge of the coupon.

4.3.5 Load Carrying Cruciform Joint

The structural stress calculation procedure was applied to the both the cruciform FE models
with 8mm and 10mm weld leg lengths. The crack paths are illustrated in Figure 189 and
Figure 190 for solid and shell element models (10mm weld leg models shown). The crack
plane originates at the root of the weld bead ‘fit up' gap and propagates out through the weld

throat at approximately 18 degrees to the horizontal base plate.

Figure 189: Load-bearing cruciform coupon - FE solid element model crack plane 10mm weld leg

Figure 190: Load-bearing cruciform coupon - FE shell element model crack plane 10mm weld leg

The main consideration of the load carrying cruciform joint is the weld throat failure mode.
Sensitivity effects in the calculation procedure due to factors such as mesh density have been
explored extensively earlier on in this chapter with consistent results. The capability of the

method for the cruciform joint has been investigated; with consideration given to the effects
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of element type (solid brick or shell plane), crack plane location and weld penetration. These
are factors that are potentially more influential on the structural stress results. Solid brick
elements were used to model with a crack plane angle of either 18 degrees (actual throat
crack angle — shallow) or a generic 45 degrees (minimum weld throat area i.e. maximum
nominal stress). A review was completed on the effects of different weld penetration levels
and the bearing it has on the structural stress calculation. From the tensile load tee joint stress
profiles, shell element models are not sensitive to the different theoretical crack planes used.
Thus a single shell crack plane model was used for the cruciform joints. A review was
completed on the effect that different weld throat element thicknesses have on the structural
stress calculation. Taking these issues into consideration, separate FE models were created
for both the 8mm weld leg and 10mm weld leg cruciform joint. Structural stress profile plots

were created for both coupon geometries.

The structural stress profile per unit load (MPa) is plotted against the distance across the
width of the coupon (mm) in Figure 191 for the 8mm cruciform joint solid element models

and Figure 192 for the shell model.
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Structural Stress Profile - Load carrying cruciformjoint Smm weld leg - Solid element models
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Figure 191: Cruciform joint 8mm weld leg- Structural stress profile using solid element models

The structural stress peak values of interest lie at the centre of the coupon (50mm from the
edge) where the crack initiation was observed to occur on the test coupon. The results for the
tee joint solid element model are sensitive to the level of weld penetration and crack plane
position. The results differ, ranging from 1.4MPa to 2.3MPa per unit load (IkN). This could
potentially prove to be a problematic area for fatigue life prediction of weld throat failures
and produce conservative or over predicted lives. In the actual fatigue test coupon failures,
there were varying and inconsistent levels of weld penetration achieved. The structural stress
profile for a toe failure is also calculated with a centre peak unit load factor of 1.25MPa. This
is below the lowest calculated throat failure value and suggests a throat failure value should

occur before a weld toe cracking.

For the shell element models, the structural stress theory proposes that the forces and
moments extracted from the FT model are divided by the value of the element thickness used.
For an analysis of a weld throat failure, this can be problematic and an area of uncertainty.

Four tee shell models were created using different weld throat element thicknesses of 8, 10,
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12 and 16mm. In the structural stress calculation, the corresponding weld throat element

thickness has been used.

Structural Stress Profile - Load carrying cruciform joint Smm weld leg - Shell element models
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Figure 192: Cruciform joint Smm weld leg - Structural stress profile using shell element models

The structural stress profile results show sensitivity to the element thickness and the
corresponding throat element thickness t value used in calculation. The structural stress
values are also very low (0.27 to 0.66MPa per unit load) in comparison with the solid model
peak stresses (1.4 to 2.25MPa per unit load). In Figure 193 the structural stress profiles are
plotted using the final fracture area thickness t, as seen in the coupon test. This value ranges
between 6.3mm and 9.2mm. Plotting the modified structural stress profiles shows there is a
much-improved correlation between the four FE-shell models. Again, the Structural Stress
(MPa) is plotted against the distance across the width of the coupon (mm). The centre region
peak structural stresses range from 0.4 to 0.6MPa per unit load. A unit load factor is
calculated for a toe failure mode. The value of 1.25MPa is considerably high than the
calculated throat failure inodes. Based on this a weld toe failure should occur before a weld
throat crack. In the test coupon results this was not the case and would suggest the cruciform

shell structural stress calculation is incorrect.
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Structural Stress Profile - Load carrying cruciform joint Smm weld leg - Shell element models
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Figure 193: Cruciform joint 8mm weld leg - Structural stress profile using shell element models - using

actual weld throat failure thickness in the structural stress calculation

The same approach has been applied to the 10mm weld leg cruciform joint. The structural
stress profile per unit load (MPa) is plotted against the distance across the width of the
coupon (mm) in Figure 194 for the 10mm cruciform joint solid element models and Figure

195 for the shell model.
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Structural Stress Profile - Load carrying cruciform joint 10mm weld leg - Solid element models
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Figure 194: Cruciform joint 10mm weld leg- Structural stress profile using solid element models

The tee joint solid element model results are sensitive to the level of weld penetration aid
crack plane modelled in the Unite element analysis. The results differ ranging from 1. 16IVPa
to 1.76MPa per unit load (IkN). This could be a source of conservative or over predictior in
fatigue lives. In the actual fatigue test coupon failures, there were varying and inconsistent

levels of weld penetration achieved.

In the stress profiles for the four tee shell models above, the weld throat element thicknesses
of 8, 10, 12 and 16mm were used as ¢ in the structural stress calculation. The structural str;ss
profile results show sensitivity to the element thickness and the corresponding throat element
thickness t value used. The structural stress values are also very low (0.28-0.68MPa per init

load) in comparison with the solid model peak stresses (1.16-1.76 MPa per unit load)
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Structural Stress Profile - Load carrying cruciformjoint 10mm weld leg - Shell elment models
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Figure 195: Cruciform joint 10mm weld leg - Structural stress profile using shell element models

The shell model structural stress profiles in Figure 196 below used the final fracture area
thickness t, as seen in the coupon test. This value ranges between 8mm and 10.8mm. Plotting
the modified structural stress profiles shows there is a much-improved correlation between
the four differing FE shell models. The Structural Stress (MPa) on the y-axis is plotted
against the distance across the width of the coupon (mm) on the x-axis. The centre region

peak structural stresses range from 0.4MPa to 0.68MPa per unit load.
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Structural Stress Profile - Load carrying cruciformjoint 10mmweld leg - Shell eiment models
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Figure 196: Cruciform joint 10mm weld leg - Structural stress profile using shell element models - using

actual weld throat failure thickness in the structural stress calculation

There is little correlation in solid and shell element models of both the 8mm and 10mm weld
leg cruciform throat failures. The calculated peak structural stress has been divided into the
membrane and bending stress components for comparison between the solid and shell
element models. This has been done for both the Smm and 10mm weld leg cruciform joints in
Figure 197 and Figure 198 respectively. In both cases it is clear that there is zero bending
stress components calculated. The total structural stress is equal to the total membrane stress.

This is due to the inability ofthe shell mesh to accurately represent the real weld geometry.
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Comparison of Solid vs Shell element models Structural Stress calculation
Cruciformjoint Smm weld leg
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Figure 197: Comparison of structural stress components in the 8nim weld leg Cruciform joint - solid

against shell element models

Comparison of structural stress components in solid vs shell element models -
Cruciform 10mm weld leg
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Figure 198: Comparison of structural stress components in the 10mm weld leg Cruciform joint - solid

against shell element models
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Figure 199: Cruciform joint 10mm weld leg solid model cross-section - Vector plot of principal stresses

A vector plot of the principal stresses is shown in Figure 199 for the cross-section area of the
10mm weld leg cruciform joint. The black arrows show the tensile principal stresses and are a
good indication of the load path running through the cruciform joint. The two red dots
indicate the superimposed location of the node positions from the weld throat element in a
shell cruciform model as shown in Figure 200. In the shell element model the tensile load

path applied is transferred, from the upper plate to the lower plate, through these two nodes.

AN

b)

Figure 200: Cruciform joint 10mm weld leg shell model cross section a) shell plane mesh and b) shell

plane mesh with theorectical real constants applied

It is misleading to suggest the shell element geometry is representative of the solid model or
real test coupon. It is evident the solid model load path is transmitting load through all of the
weld geometry and weld penetration, i.e. approximately 4mm each side of the coupon vertical

centreline. In comparison, the shell model load path is only distributing load through the

178



nodes approximately 14mm away from the coupon vertical centre line. It has been proposed
earlier on in the chapter that similar structural stress factors can be achieved using both solid
and shell elements for characterising weld toe failures. The comparative results show that this
is the case. For weld throat failures this has proved to be more difficult. In an attempt to
address this and create a comparable shell element model for weld throat failures, a number
of different concept options have been proposed. In essence, the structural stress calculation
is exactly the same for a toe, throat or root weld failure. The problem lies with constructing a

shell element model akin to the real structure; the load path cannot be portrayed adequately.

Shell element geometries have been presented with different FE model parameters to try and

represent the load path more accurately. The models are shown in Figure 201.

Upright plate element Coupled translation and
rotation DOF with base

Upright beam link element Weld toe Rotation z DOF =0 Constraint equation in Z
translation DOF

Figure 201: Modified cruciform shell element models

The models suggest different methods to try and distribute the load path in a similar manner
to the real coupon. This is achieved by distributing the load through a larger area of the
horizontal plate. Concept a) uses a mesh shell element, b) the nodes in the weld throat are
coupled with the nodes in the base plate (so all the nodes translate and rotate in a similar

manner) and c) a beam or link element is used to transmit load through the base plate.
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Concept d) has a fixed rotation (about z-axis) constraint on the nodes in the weld toe to try
and stiffen the base geometry. Finally, in concept €) the translation of the nodes in the weld
throat is fixed with the base nodes to stiffen up the weld geometry. The structural stress
calculation process has been repeated for the above options. The peak structural stress values
at the centre of the coupon are recorded and compared against the solid element model values
in Figure 202. The components of the total structural stress, membrane and bending stresses
are also displayed.

Comparison of structural srtess components in solid vs concept shell element models
Cruciform 10mm weld leg

solid no pen  solid Tmm solid 2mm  solid 3mm  upright plate couple 6DOF beam ROTZ-O at Constraint angled
pen pen pen element with base  element to weld toe  equwith base  upright
base trans z element

m Membrane stress m Bending stress m Total structural stress

Figure 202: Comparison of structural stress components in the 10mm weld leg Cruciform joint - solid

against concept shell element models

The modified shell element models have a higher value of total, membrane and bending
structural stress, compared with the original shell values shown in Figure 198. Flowever, the
peak structural stresses are still lower than the solid element models. The solid and shell
element models will both be considered in the data generation process and the effects the unit
load values have on the correlation of the final structural stress master curve. This will give
an indication on the effectiveness of shell element models in the analysis of weld fatigue

throat failures.

A further point for consideration will be given to the levels of weld penetration achieved. The

structural stress calculation method is sensitive to this when modelled in the FE geometry.
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The effects of using a single or multiple structural stress unit load values will be considered
when constructing the master curve in chapter 4.5. The use of multiple cruciform structural
stress factors will be beneficial in condensing the single master curve and improving
correlation. This is supported by analysing the coupon weld fatigue data of both the 8mm and
10mm weld leg length. Previously in chapter 4.1, Figure 100 the cruciform weld fatigue date
was presented on a Load range against cycles to failure (Log AKN against Log Nf) plot. From
the statistical analysis the R-squared value of the 50% mean curve is 0.851. Alternatively, by
presenting the fatigue data on a stress range against cycles to failure (Log Aa against Log Nf)
plot, Figure 203 the correlation is improved and the R-squared value from the statistical
analysis is 0.963. The stress range is calculated by dividing the applied load by the actual
crack plane area and, hence, taking into consideration the levels of weld penetration achieved.
Separate structural stress values are calculated depending on the levels of penetrations
observed in the test coupon and modelled in the FE analysis. The different values will have
an effect on the scaling and superposition stage when converting the weld fatigue data into

the master curve.

Load carrying conform joint - Stress range vs. Cycles to failure (Log - Log scale)

1000 r
¢ cruciform throat 8mm
cruciform toe Smm
* cruciform throat 10mm
« cruciform toe 10mm
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y =4716.1735* « JOM
R1=0.9639
1E+04 1E+05 1E+06 1E+07

Cycles to failure (Nf)

Figure 203: Cruciform joint 8mm and 10mm- Stress range against cycles to failure (A0 against Nf)
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4.3.6 Bending Load Tee joint

The bending load teejoint crack planes are defined in Figure 204 and Figure 205 for the solid
and shell element models. The crack plane of the weld originates at the weld toe of the base
plate and propagates down through the thickness of the plate. Due to the clamping
arrangement and bending moment, a low load but a high stress is created. The structural

stress calculation procedure is applied for a range of different element types and sizes.

Figure 204: Bending load tee joint - Solid element FE model eraek plane

Figure 205: Bending load tee joint - Shell element FE model crack plane

182



The structural stress profiles per unit load at the weld toe are displayed in Figure 206 and
Figure 207 for the solid and shell element models. The Structural Stress (MPa) is plotted

against the distance across the width of the coupon (mm).

Structural Stress Profile - Bending load teejoint undistorted - Solid element model
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Figure 206: Bending load tee joint - structural stress profile using solid element models

The peak structural stress factor per unit load is approximately 8.9MPa for the solid element
coupon geometry. Considering the various element types and calculation methods used, there
is very good correlation and little mesh sensitivity to the structural stress results. There is a
small difference when using a 14 order element with a through thickness density of It and a
reduced integration calculation. This is a very coarse and unrealistic mesh that should be
avoided due to its limits in representing bending moments and an experienced stress engineer
would know to avoid this mesh. Despite the poor mesh, the structural stress profile calculated
is reasonable and consistent with the fine mesh or high-density models, supporting the mesh-

insensitive background to the method.
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Structural Stress Profile - Bending load teejoint undistorted - Shell element model
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Figure 207: Bending load tee joint - structural stress profile using shell element models

The shell element models show a peak structural stress factor per unit load of 9.2MPa. When
calculating the structural stress using shell elements, there is some unbalanced behaviour
towards the edge of the coupon. This is similar to the previous shell coupon models. The
erratic behaviour is greater when using a full integration method and a finer mesh density.
Comparing the solid against the shell element calculations there is reasonable correlation with
a small level of deviation between the two. The weld geometry created is a load-bearing
coupon. The meshed shell geometry has potential issues in its ability to represent actual weld
geometries and can give rise to error. However, the results are reasonably straightforward to

use and are within <5 % of the solid model stress profiles.

4.3.7 Summary

FE based structural stress calculations have been completed on all test coupon geometries
using a range of mesh sizes, density, element type and solution parameters. A majority of the

results achieve excellent correlation between these different parameters supporting the theory
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of a mesh insensitive FE-based approach. The greatest correlation is shown for weld toe
failure modes. The structural stress method was extended to weld throat failures. However,
there is less consistency between the different element types when calculating a fatigue
damage parameter for weld throat failure modes. In these cases, the range of structural stress
factors will be used in generating a single master curve, and their effectiveness in condensing

a wide range of scatter will be assessed.

Unit load factors for each geometry type have been calculated. This is the first step in
completing the elastic scaling and super-positioning weld fatigue analysis. Here the structural
stress damage parameter has been established. The ‘structural stress factor per unit load' for
each coupon to be taken forward in an attempt to generate a single master S-N curve are

summarised below:

Shell Solid

element element
Coupon Geometry model model
1. Tensile load tee joint 4.29 4.55
2. Non-load-bearing cover plate
Un-distorted 1.5 1.56
Distorted model 2.6 2.6
3. Load-bearing lap joint 42 4.2
4. Non-load-bearing transverse attachment
Non-load tee - root failure 244 2.49
Double transverse attachment 1.2 1.22
Single transverse attachment - un-distorted 1.24 1.26
Single transverse attachment - distorted 2.38 2.39
5. Load carrying cruciform joint
8mm weld leg (Weld penetration dependent) 0.5-0.6 1.4-2.25
10mm weld leg (Weld penetration dependent) 0.4-0.68 1.17-1.76
Modified shell model 0.8-1.1
6. Bending load tee joint 9.2 8.9

Table 6: Structural Stress (MPa) unit load factors - FE based calculation
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4.4 Coupon Structural Stress Measurements

The structural stress method is targeted at iterative design procedures where significant
amounts of resource, time and money are spent on fatigue life prediction techniques
employing in-field testing and prototype building of components. The structural stress theory
is a FE-based fatigue life prediction method that can assess the fatigue performance of a
component before it has been manufactured. The work completed by Dong [43] demonstrates
that this theoretical method can be taken a step further to allow a structural stress factor to be
determined from real components. This allows designers to validate, verify and correlate

calculated values against measurements made with strain gauges.

Strain gauge

Section A-A Section B-B Section C-C

Figure 208: Schematic diagram of strain gauge positioning for the measurement of a structural stress

fatigue damage parameter

Section A-A in the Figure 208 above is a weld section under analysis where a toe failure
would occur and propagate down through the plate section. A minimum of four electrical
resistance strain gauges should be used and placed on the upper and lower section of the
parent material plate adjacent to weld toe under analysis at section C-C and B-B. The
structural stress parameter has previously been broken down into membrane and bending
components. A double row of opposite strain gauges will enable the calculation of the
gradient of the bending stress component at two locations, and the difference or ratio of each

will determine the membrane structural stress. The resistance of the strain gauges under
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elastic loading are recorded, converted using the Young’s elastic modulus rule and entered

- into the following equations as a stress:

First the stress values are entered into the equation to determine the level of bending stress

components at section B-B and section C-C:

B-B _ B B
G bending = Y (6 top — © bottom) Eq 4.4.1

C-C _ C C
G bending = Y2 (0 top— © bottom) Eq4.4.2

From this, bending, membrane and structural stress values can be calculated for section A-A:

A-A __ B-B C-C B-B

G  bending = O  bending + L/ (G bending — O bending) Eq4.43
A-A _ B C-C B-B

G Structural — O top + L/ (6 bending — © bending) Eq4.44
A-A —_ JAA A-A

G Membrane™ O  Structural = @ bending Eq4.4.5

Using the above oA'Abending and 6™ *yembrane values the Structural Stress unit load ratio at the

weld toe A-A can be calculated:

_ Obending T Omembrane

Omembrane
Eq 4.4.6

Where

GBmp= recorded stress upper gauge section B

B .
O bottom= recorded stress lower gauge section B

GCtop= recorded stress upper gauge section C

c .
G bottom= recorded stress lower gauge section C

L = distance from weld toe to section B

{ = distance from section B to section C
B-B

O bending = bending stress at section B

GC'Cbending = bending stress at section C

O'A'Abending = structural stress component - bending stress at weld toe

O'A'Amembrane = structural stress component - membrane stress at weld toe
A-A

G structural = total structural stress at weld toe

The strain gauge measurement technique has been applied to all the coupon test geometries
discussed in the experimental methods chapter. The measured structural stress values are

directly comparable with the unit load structural stresses calculated in chapter 4.3.
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4.41 Tensile load tee joint

An example of the calculation method is completed for the tensile load tee joint. The upright
plate was fitted with electrical resistance strain gauges in the centre across the coupon width.
The gauges were placed at section C-C and B-B at distances of 15mm and 35mm
respectively, Figure 209. Strain gauge readings were recorded from the test coupon using
data logging equipment under a static load of 67kN (approximately 20% ofthe nominal yield
stress) in the servo-hydraulic test frame. The strain readings were converted into stresses and

entered into the structural stress equation. The results are given in Figure 210 below.

Gauges

B -B __.n*ug
¢ _bha
A-A

Figure 209: Tensile load tee joint - strain gauge positions

The actual test coupon failed through the weld throat. It is not possible to record strain gauge
readings for a throat failure but the measured structural stress values can be correlated with

the FE-based calculated weld toe values to verify the approach.

distance (mm) from weld toe 15 35
Section c-C B-B
upper strain gauge 50.43 51.25 /= 20 mm
lower strain gauge 40.80 42.64 L= 35 mm
o bending 482 " i 4.31

Weld toe Section A-A

“bending Astructural “membrane
5.20 52.15 46.95

Structural Stress Value per unit load
(MPa) =

Figure 210: Tensile load tee joint - recorded stress values and measured structural stress value



The measured structural stress factor per unit is 1.1 IMPa compared with the calculated value
of 1.23MPa for a toe failure. Given the possible sources of variability, such as errors in the
test frame, material and gauge positioning, the overall comparison of the measured and

calculated values is satisfactory.

4.4.2 Non-load-bearing cover plate

The calculation method as described in section 4.4.1 was applied to the non-load-bearing
cover plate coupon. The same strain gauge locations, recordings and loading method were
repeated. The measured structural stress for the non-load-bearing cover plate is 1.75MPa per
unit load. In the original structural stress calculation, two finite element geometries were
constructed, representing the as-designed un-distorted coupon and the as-welded distorted
coupon. There was a difference in the result with values of 1.56MPa and 2.6MPa respectively
using both shell and solid element models. The measured unit load factor value lies in
between the calculated un-distorted and distorted geometry values. There is potentially an
issue in determining which of the measured and calculated Theoretical' structural stress
parameters is correct. Deciding on the correct value of the parameter is difficult. This
decision can be made when the effectiveness of the measured and calculated values are
assessed based on their ability to condense several fatigue data curves into a single master

curve, providing accurate fatigue life predictions.

4.4.3 Load-bearing lap joint

The load-bearing lap joint coupon measured a structural stress value of 3.16MPa per unit
load. In the original FE-based calculation, the load-bearing lap joint had a structural stress
factor per unit load value of 4.2MPa when using both shell and solid element FE models.
Comparison of the two values suggests the FE-based calculation is too severe in the stress
determination. The measured result, although lower than the would-be expected correct
result, is not necessarily the correct value as it is still a calculation of a theoretical structural

stress parameter.

4.4.4 Non-load-bearing transverse attachment

The non-load-bearing transverse double attachment measured structural stress value is
1.15MPa per unit load. In the FE-based calculation, the structural stress factor per unit load
was 1.2MPa when calculated using both shell and solid element models. The lower measured

value compares well with the ideal symmetric geometry FE model. The lower strain gauge
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readings from the measurement technique suggest there is potentially some gauge

misalignment, material variations or test frame and instrumentation errors.

The measured structural stress value for the non-load-bearing single attachment is 1.81 MPa
per unit load. The theoretical structural stress calculation was based on two different FE
models. The first was generated using the as-designed un-distorted coupon dimension and the
second based on the as-welded distorted coupon geometry. There was a significant difference
between the two with a value of 1.25MPa for the un-distorted and 2.4MPa for the distorted
geometry, for both shell and solid element models. The measured structural stress value lies
between the calculated un-distorted and distorted geometry values of 1.25MPa and 2.4MPa
respectively. There is potentially an issue in determining which structural stress is correct.
Comparing the FE-based calculations, the as-designed un-distorted geometry is lower and the
distorted geometry is higher than the measured structural stress. Once again, a decision on the
correct value to use can only be made through construction of an S-N master curve and

obtaining fatigue life predictions.

4.4.5 Load carrying cruciform joint

The majority of cruciform test coupons failed through the weld throat except for 3 recorded
results. It is not possible to record strain gauge readings for throat failures but the measured
structural stress values can still be correlated with weld toe failure results and related to
calculated structural stress values. The measured structural stress value for the 8mm weld leg
cruciform joint is 0.95MPa per unit load. This value is low compared with the calculated
structural stress value of 1.2MPa. The measured structural stress value for the 10mm weld leg
cruciform joint is [.IOMPa per unit load. Although lower, the results correlate well with the
calculated FE-based value. It is possible that some discrepancies arise due to differences in
the material properties, strain gauge positioning, test equipment and unsymmetrical or

distorted test coupons.

4.4.6 Bending load tee-joint

The bending load tee joint test coupons failed through the lower weld toe. Measured
structural stress values were recorded for the upper weld toe to be correlated with the
calculated values in order to explore and verify the method. The measured structural stress
method was applied and a value determined for the bending load tee upright plate at 0.98MPa

per unit load, compared with the calculated structural stress value of 1.2MPa.
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The base plate of the bending load tee joint coupon was fitted with strain gauges at distances
of 12mm and 25mm away from the weld toe. This was due to the geometry of the test coupon
and clamping arrangement test setup. The measured structural stress value of the base plate is
12.49MPa per unit load. This is compared with a calculated structural stress value of 8.9MPa
and 9.1 MPa for the solid and shell element models respectively. There is a significant
difference between the measured and calculated values - approximately a factor of 1.39.
There is a greater potential for error in the bend load tee joints due to the clamping
arrangement of the base plate. The other coupons use an upper and lower set of test grips that
are concentric to each other. The bend load tee coupon uses an upper test grip and a clamping
fixture where alignment is achieved using a set square and steel rule. Consistent
measurements and set up is not always guaranteed and even representation of the test grip in

the FE model may not correctly modei the actual assembly.

4.4.7 Summary

Measured structural stress factors have been recorded for weld toe failures in each test
coupon. In general, measured values showed some levels of correlation with the FE-based
calculated structural stress values. However, there are some discrepancies. In these cases both
the measured and calculated values will be taken forward for the construction of a single S-N
master-curve in order to assess their respective effectiveness. A judgment can be made later
on whether the measured values are too optimistic or pessimistic based on the accuracy of the
calculated fatigue life predictions. A summary of the strain gauge based measured structural

stress values are given in Table 7.

A Abendi ) ®ss
membrane “bending ®stinct»ral (MPa per unit Ioad)

Tensile load tee joint 46.9? 5.20 52.1? 1.11

Non load bearing cover plate 83.53 62.30 145.83 1.75

Load bearing lap joint 84.77 183.32  268.09 3.16

Non load bearing attachment double  119.60 18.41 138.01 1.15
Non load bearing attachment single 88.13 71.01 159.14 1.81

Load bearing cruciform - 8mm weld  205.75 -9.98 195.78 0.95
Load bearing cruciform - 10mm weld  197.8? 19.39 217.24 11

Bending load tee joint - Upright 84.47 82.44 -2.03 0.98

Bending load tee joint - Base 21? 24.73 26.88 12.49

Table 7: Measured structural stress unit load factors (MPa)
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4.5 Structural Stress Master-Curve - Data Conversion

FE-based structural stress concentration values have been calculated in chapter 4.3, and
measured values reported in chapter 4.4. for each of the coupon test geometries. The next
process is to combine these values to the raw fatigue test data obtained. The objective is to
define a new fatigue damage parameter with the potential of superimposing the fatigue test
data for all the coupons within a single scatter band. This will provide the designer with a

more FE-user friendly weld fatigue standard.

Coupon Weld Fatigue Data - Load range vs. cycles to failure (Log - Log scale)

10000

+ Tensile load teejoint = Non load bearing cover plate

4 Load bearing lapjoint * Non load bearing transverse attachment -root failure

) Non load bearing transverse attachment single »Non load bearing transverse attachment double
Load bearing cruciform - 8mm weld leg - Load bearing cruciform -10mm weld leg

—Bending load teejoint

1000

10

IE-04 1E-0S Cycles to failure (X,) LE-06 LE-07

Figure 211: Coupon weld fatigue data - Load range against cycles to failure (AkN against Nf)

Figure 211 presents the basic fatigue data on a load range against Cycles to failure (AkN -
Nf) plot. It is evident that the weld fatigue strength performance is geometry dependent. This
method of presentation, therefore, poses significant problems as far as a generalised FE weld

fatigue analysis is concerned.

In order to condense a range of data points into a single scatter band or master-curve, the
coupon fatigue data has to be plotted using the alternative damage parameter ‘Structural
Stress’ as calculated previously. The fatigue data points are taken for each coupon and
multiplied by the Structural stress concentration factor per unit load calculated for the

appropriate coupon geometry in chapter 4.3. This produces a scaling effect for each curve.
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Thus a high fatigue strength coupon (e.g. non-load-bearing attachment) has a low structural
stress concentration whereas, a low fatigue life coupon (e.g. bending load tee joint, high
stress) is associated with a high structural stress concentration value. As a consequence, there

should be a reduction in the scatter and an improved correlation.

In essence, this means that the load range for each coupon and data point (Load-Life curves)
in Figure 211 is multiplied by the structural stress values in Table 6. For example, a coupon
subjected to a 100kN load range and with a calculated structural stress factor of 1.2MPa per
unit load, has a structural stress range of 120MPa. The calculated 120MPa SS range is then
plotted against the original number of cycles to failure. The resultant weld fatigue curves are
presented on a Log-Log scale with structural stress range (load range multiplied by structural

stress value, MPa) against cycles to failure, Ny.

While one single master curve is the objective, there are a number of issues to consider
during calculation of a structural stress factor per unit load as previously highlighted. The
values of the structural stress factors depend on the calculation method. Variations in
magnitude will impact on the correlation of the data point and the effectiveness of the
resultant master curve. The different approaches encompass shell or solid element FE-based
models, un-distorted (as-design) or distorted (as-welded) coupon geometries and calculated
versus measured structural stress values. Each of these alternatives, in relation to failure and
loading mode for each test coupon, is presented below and the resultant impact on the master

curve correlation considered.

4.5.1 FE-Based calculated structural stress curve

Figure 212 illustrates a structural stress against cycles to failure master curve generated using
unit load factors from the FE shell element models and un-distorted coupon geometries.
There is a redistribution of the original load range against cycles to failure curves. There is
also a noticeable grouping of the curves towards the centre of the scatter band. The lower
bound consists of the cruciform 8mm and 10mm coupon results. The cruciform structural
stress unit load factors were cause for concern as they were drastically different from the
solid element model factors. The bending load tee joint coupon data are placed towards the
upper bound of the master curve with a distinct and different gradient compared with the
other fatigue curves. A statistical assessment was carried out employing a log-linear

regression analysis with the cycles to failure as the variable. The calculated 50% certainty of
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survival curve has a standard error =0.44 and R~ value = 0.34. The equation for the curve is
y=12800000Nf°9, with ‘y’ the structural stress range.
Structural Stress Master Curve - Structural stress vs. cycles to failure (Log Log scale)

Shell elemeut models
10000

4 Tensile load teejoint m Non load bearing cover plate
A, Load bearing lapjoint Non load bearing transverse attachment - root failure
1 Non load bearing transverse attachment - single Non load bearing transverse attachment - double
Load bearing cruciform - Smm weld leg m Load bearing cruciform - 10mm weld leg
— Bending load teejoint — 50®omean curve
s 1000
= 100
1E-04 1E-0S 1E-06 1E-07

Cycles to failure (Nj)

Figure 212: Structural stress master curve - FE-shell element un-distorted models

(In all of the statistical analyses completed none of the run out, i.e. did not fail, data points are

included in the calculation).

A structural stress against cycles to failure master curve was also constructed using unit load
factors from the FE solid element models and un-distorted coupon geometries as shown
below in Figure 213. The redistribution of the original load range against cycles to failure
data is again evident. There is noticeable grouping of the curves towards the centre of the
scatter band with an improved correlation compared with the shell element models. The
cruciform 8mm and 10mm coupon curves are now within the main trend of the data points.
The bending load tee joint data lies towards the upper bound of the data points and outside
the general trend for all of the remaining data. They also have a distinct and different
gradient. The statistical analysis defined a 50% certainty of survival curve with a standard

error =0.35 and R2value = 0.57. The curve equation can be expressed asy = 94009N(° 48.
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Structural Stress Master Curve - Structural stress vs. cycles to failure (Log - Log scale) -
Solid element models

10000
¢ Tensile load teejoint m Non load bearing cover plate
A Load bearing lap joint Non load bearing transverse attachment «root failure
Non load bearing transverse attachment ¢ single Non load bearing transverse attachment - double
Load bearing cruciform - Smm weld leg - Load bearing cruciform 10mm weld leg
— Bending load teejoint 50° «mean curve
1 1000
<
10
10
1E-04 1E-05 1.E-06 I.E-07

Cycles to failure (>,)

Figure 213: Structural stress master curve - FE-solid element un-distorted models

A modified structural stress master curve was generated using the solid element un-distorted
models but eliminating the data points from the bending load tee joint coupon due to its
positioning away from the main scatter band. The curve is displayed in Figure 214 below on
a structural stress range against cycles to failure plot. The 50% mean curve generated from a
statistical analysis is also shown. The equation for the curve isy =27863Nf°j9. The data has a

calculated R* value = 0.66 and a standard error = 0.30.
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Structural Stress Master Curse - Structural stress vs. cycles to failure (Log Log scale) -
Solid element models - without bend load tee data

10000
¢ Tensile load teejoint um Non load bearing cover plate
A Load bearing lapjoint Non load bearing transverse attachment - root failure
Non load bearing transverse attachment - single * Non load bearing transverse attachment - double
Load bearing cmciform - Smm weld leg - Load bearing cruciform -1 Oram weld leg
----- 50% mean curve
1 1000
<
A
. *
N *
- X A
L] _
100 - =
|
10
1E-04 1E-05 1E-06 1E-07

Cycles to failure (N()
Figure 214: Structural stress master curve - FE-soiiti element un-distorted models without bending load

tee data

The modified master curve presents an improved correlation of the data with an RJ value =
0.66 compared with a previous value = 0.57 for the master curve that included the bending
load tee data, as shown in Figure 213. This suggests that calculation of an effective fatigue

damage parameter would require consideration of separate loading modes.

4.5.2 Distorted coupon geometries calculated Structural stress curve

Due to the weld configuration for the non-load-bearing cover plate and non-load-bearing
single attachment coupons (unsymmetrical welding runs), the final geometries were distorted.
To achieve a more accurate stress distribution for the coupons, the distortion was modelled in
the FE model and the structural stress per unit load factor re-calculated. The structural stress
values of the modified distorted coupons (both shell and solid element models) were updated
and the structural stress curves re-plotted. For coupons with little or no distortion, the original
structural stress values are used. A structural stress against cycles to failure master curve
generated using unit load factors from FE shell element models and the updated distorted

coupon geometries is shown in Figure 215.
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Structural Stress Master Curse - Structural stress vs. cycles to failure (Log - Log scale) -
Shell element models - distorted geometries

10000
+ Tensile load tccjoint = Non load bearing cover plate
A Load bearing lap joint Non load bearing transverse attachment - root failure
Non load bearing transverse attachment - single Non load bearing transverse attachment - double
Load bearing cruciform - Smm weld leg - Load bearing crucifonn 10mm weld leg
— Bending load teejoint S0% mean curs e
1000
<
A A
100
10 4—
| E-04 1.LE-05 1E-06 1E-07

Cycles to failure (>,)

Figure 215: Structural stress master curve - FE shell element distorted models

There is a redistribution of the original load range against cycles to failure data. The distorted
coupon structural stress curves show some improvement in fatigue strength being positioned
higher than the original un-distorted curves based on the shell elements as recorded in Figure
212. The curves for the distorted geometry move higher up on the graph towards the bending
load tee joint data. As a result, the low cycle fatigue failures (<10 ) appear to have an
improved correlation with the main trend for other geometries. However, for lives greater
than 10" cycles the bending load tee joint data are displaced from the main scatter band and
have a different gradient. As per the previous shell structural stress curve, the cruciform
coupons are positioned below the main scatter band. The statistical analysis gave a 50%
certainty of survival curve with a standard error = 0.47 and R* = 0.26. The equation for the

curve is expressed asy = 81000000Nt 1°4.

A structural stress against cycles to failure master curve based on unit load factors from the
FE solid element models and the updated distorted coupon geometries is presented in Figure

216.
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Structural Stress Master Curve - Structural stress vs. cycles to failure (Log - Log scaie) -
Solid element models - distorted geometries

10000
¢ Tensile load teejoint n Non load bearing cover plate
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Figure 216: Structural stress master curve - FE-solid element distorted models

There is a shift in the original load range against cycles to failure data. The distorted coupon
structural stress curves reinforce the concept of a universal master curve. The curves are
positioned higher than the original solid un-distorted curves in Figure 213. This is a similar
trend to the shell element distorted models. The distorted coupon curves are situated higher
up towards the bending load tee joint data and have an improved correlation with the general
trend for the low cycle fatigue failures (<10\). The bending load tee joint data points at lives
greater than 10" are situated away from the main scatter band and suggest a curve with a
different slope. The cruciform coupons are now positioned within the main scatter band. The
statistical analysis provided a 50% certainty of survival curve with a standard error =0.34 and
R” value = 0.60. The R. for the distorted coupon values is an improvement on that for the un-
distorted coupon model curve at R* =0.6 compared with 0.57. The equation for the curve in

Figure 216 is y = 43405Nf041.

As per the calculation of the un-distorted model master curve, a further master curve was
generated with the exclusion of the bending load tee data due to the distinct slope of the
curve. The master curve is displayed in Figure 217 with a structural stress range against

cycles to failure on a log-log scale. A 50% mean curve is displayed with an equation ofy =
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20419Nf035. The correlation ofthe data is improved with a R2value =0.66, compared with an
original value = 0.6, when considering the bending load tee joint data.
Structural Stress Master Curse - Structural stress vs. cycles to failure (Log Log scale) -

Solid element models - distorted geometries without bend load tee data
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Figure 217: Structural stress master curve - FE-solid element distorted models without bending load tee

data

As per the un-distorted structural stress master curve calculated, the exclusion of the bending

load teejoint results suggests that master curves exist based on the applied loading mode.

4.5.3 Measured Structural Stress Curve

Measured structural stress values of the test coupons were determined from electrical
resistance strain gauges and suitable data logging equipment under static tensile loading
conditions. This provides an equivalent theoretical measured structural stress ratio for each
coupon. A structural stress curve was constructed using these measured values. The measured
values are only possible for the weld toe failures. Where other failure inodes are recorded, the
FE-based solid element calculated structural stresses are used for comparison. A structural
stress against cycles to failure master curve generated using unit load factors based on the
measured structural stresses for weld toe failures (solid element calculated values are used for

throat failures), is shown in Figure 218.
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Structural Stress Master Curve - Structural stress vs. cycles to failure (Log - Log scale) -
Measured structural stress values
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Figure 218: Structural stress master curve - Measured structural stress values

There is a shift in the position of the original load range against cycles to failure data. A
majority of the data are situated in one main scatter band in the centre of the graph. There is
very good correlation. However, the bending load tee joint data is an exception. In a similar
manner to the FE-based calculated structural stress curves, the tee bend data sits higher than
the central scatter band approximately by a factor of 2. Similarly, the curve appears to have a
different gradient to the more general | in 3 slope. The statistical analysis of the data gave a
50% certainty of survival curve with a standard error =0.40 and R" value = 0.47. The
equation for the curve is expressed as y = 430512Nf'06. The measured structural stress curve
provided similar and consistent results to the calculated structural stress values. A
measurement based master curve was generated with the exclusion of the bending load tee
data. The curve is shown in Figure 219 on a measured structural stress against cycles to
failure plot. Again the curve displays more common traits expected with weld fatigue data.
An R2value = 0.65 and a slope of -0.31. This is a marked improvement in correlation with a

previous R-squared